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SUMMARY

Centrifuge experimental techniques provide possibilities for laboratory
simulation of ground shock and cratering effects due to nuclear weapons. This
premise is predicted upon the results of a similarity analysis which indicates
that increased gravity is a necessary condition for subscale testing. The
objectives of this investigation were to examine the similarity requirements of
this type of subscale testing both theoretically and experimentally. To do
this, a series of centrifuge experiments were performed to validate theoretical
similarity requirements as well as to determine the practicality of applying the
technique to drv granular soils with little or no cohesion.

Two sets of experiments were performed. The first was a series of ten
shots using Nttawa sand as a convenient and well-characterized test medium.

Results of these experiments are:

o
— S

Reproducibility was confirmed in the centrifuge environment.
Particle size effects on final crater configuration were
determined to be negligible for the cases considered.

c) Validity of the derived similitude requirements was demonstrated.
d) Scaling rules for apparent crater siza and equivalence among

different explosive types were derived.

Upon the successful complietion of the Ottawa sand experiments, a second
set of experiments was undertaken to simulate a large-scale cratering event. The
JOHNIE BOY 500-ton nuclear field event of 1962 was chosen for the centrifuge
simulation study. The prototype geology was a dry homogeneous alluvium which
was straightforward to reconstitute on the centrifuge. It was a well-charac-
terized event for which considerable computations of cratering mechanics were
performed and it was used as a standard to develop a full-scale simulation
method for cratering, demonstrated by the MINE THROW 120-ton Ammoniun
Nitrate/Fuel 0i' (ANFD) experiment performed in 1971,

An equivalent full-scale PETN spherical charge confiquration was

determined. The equivalence criteria was based upon matching the kinetic enerqgy

[
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into the ground as well as the shape of the flow field. This hypothetical event
was then simulated at subscale on a centrifuge at 345 G. The results
satisfactorily demonstrated the applicability of using a centrifuge to simulate

a small-yield nuclear-cratering event in alluvium.

The utility of the centrifuge method is based upon scaling results that

indicate the equivalent full-scalas explosive yield is equal to the actual charge
size used 1in the subscale experiment times the cube of the centripetal

acceleration.
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SECTION 1
[NTRODUCTION

1-1 RACKGROUND

The centrifuge has been used extensively to study tha quasi-static
rasponse of soil structures to lithostatic loadings. This type of geotechnical
modeling has gained little acceptance in the United States but has been widely

usad in Europe and in the Soviet Union during the past thirty yedrs.1

The applicability of this nethod to dynamic experiments is not as w211,
if at all, estadlished. Pokrovsky and Fyodor‘ov2 diszuss experiments designed to
study the effects of buried explosives used in the construction industry. In
chapter eight of the second volume, they extensively address the question of
ground shock as applied to failure predicticn of soil materials for excavation
purposes. In volume one, a few pages are devoted to the description of an
investigation of the soil ejected by the actign of an =2xplosion. These early
experiments, perfinied during the 1940's, used 1.5 gram detonator <aps as the
explosive source and were conducted in two different soil media: a dry sand and
a moist clay. The centifuje was operated at 65 G for the sand andi at 177 5 for
the clay. In both cases, the results for the depth and the radius of the
apparent crater were interpreted as satisfactory when compared with the
calculated full size dimensions for the "natural state using the formula of
Boreskov."

Scott and Morgdn's] summary remarks concerning the entirety of the
Russian geotechnical centrifuge work are especially applicable to these few
reported cratering experiments. He states that "it is apparent from the effort
put into the technique, that the Russian workers consider the centrifuge
technique well proven, although it is not possible to discover from Pokrovsky's
wol”k2 any satisfactory demonstration of the correlation between model and
prototype tests for any of the studies he cites.”

The only other reference to Soviet cratering experiments in an
accelerated reference frame is the work of Viktorov and Stepenov.3 Their work

addressed snil excavation techniques using Huried explosives. These




experiments, conducted with charges placed at optimum and greater depth of
burial in moist sand, were not performed in a centrifuge, Since thay ware
inodeling the effect of a blast on the throw-out of soil and roacks, they chose to
use a "linear accelerator" (presumably a rocket sled) to eliminate "the
distortion of the results of the modeling by the Coriolis acceleration....”

In a recent investigation, Schmidt4 examined the application of
centrifuge experimental techniques to the modeling of cratering phenomena. An
0il base modeling clay was used to investigate depth of bHurial effects at
centripetal accelerations up to 430 G. The results of these experiments were in
good agreement with the earlier work of Viktorov and Stepenov,3 using the
results of a dimensional analysis relating soil properties and explosive
characteristics for the diffarant experimental conditions. Mare importantly,
by using the concept of a gravity-scaled charge yield parameter derived from the

dimensional anailysis, the results of hoth sets of high-G experiments wera shown
to compare favorably with data obtained from the Nevada Test Site (NTS)
cratering series. This agreement for cratering efficisncy as a function of
non-dimensional depth of burst demonstrated the relevance of using subscale

laboratory test performed at elevated gravity to predict large-scale cratering
events in the field.

This work4 emphasized cratering efficiency based upon apparent crater

volune but Teft observed variations in crater shape unexplained. In addition,
the gravity dependence due to the overburden may have dominated the phenomenon

for buried shots which, in turn, may not be the case for n2ar surface events.
Additionally, the use of a cohesive oil base clay to model non-cohesive soils

may have introduced offsatting strength effects and may have minimized possibla
Coriolis effects due to the cohesion of the overturning flap during crater
formation. These concerns, as well as the design of a critical experiment to
test the similitude hypothesis, provided the basis for the program described in
this report.

1-2 NBJECTIVES/APPRNACH

The overall objective of this program was to demoustrdte, in a
quantitative wanner, the validity of using a laboratory-scale centrifuqe
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experiment to simulate an actual cratering event, The JOHNIE BOY 500-ton
nuclear cratering event was chosen for this purpose. It was conducted in the
desert alluvium at NTS in July, 1962,

A systematic procedure for eliminating experimental uncertainties was
devised. A new rotor for the Boeing 600-G centrifuge was fabricated to
accommodate non-cohesive soils utilizing a symmetric swing-basket design. To
verify the suitability of this configuration, ten test shots were performed
using a well-characterized Ottawa sand. This sand type was chosen to allow
direct comparison with the large body of high quality 1-G laboratory cratering

data generated previously by Piekutowski.5’6

The first concern was reproducibility of data in the centrifuge
anviromment to ensure that vibration, windage, slumping, and Coriolis effects
did not invalidate proposed crater measurement techniques. The next step was to
obtain preliminary confirmation that a gravity-scaled energy concept was
applicable to a surface burst configuration in Ottawa sand. This will be
referred to as the constant L test and is described in detail in Section 4-2.
The final issue addressed by this series of tests was to determine the
sensitivity of the high-G results to variations in sand-particle-size distri-
bution. The results of these Ottawa sand experiments confirmed the suitability
of the centrifuge technique for this type of modeling.

As is shown in Section 2, theoretical requirements for non-trivial
scaling can be satisfied with a model material in the centrifuge jdentical to
that of the prototype. Therefore, to simulate the JOHNIE BOY event in a
subscale experiment, it was imperative to use a soil that was characteristic of
the original site. A suitable material was obtained from the Kirtland AFB
(KAFB) environs and sudplied by R. W. Henny of AFWL. Since this material
diffared significantly from the Ottawa sand, sample preparation techniques

needed to be developed to ensure reproducibility. The constant =, test was
performed on samples of this material to confirm that the derived similarity

requirements were valid for the KAFB alluvium.

For chemical explosives, the dependence upon different explosive
properties can be accounted for by including the charge properties in the
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dimensional ana]ysis.4 For nuclear events such as JOHNIE BAY, a high
explosive/auclear equivalence must be determined. To accomplish this, an
analysis was performed based upon the so-called MINE THROW technique.7’8 This

involved calculations using a finite difference code to determine the size of an
equivalent full-scale PETN charge size and an associated depth of burial. The
PETN configuration was varied until the resulting =arly time flow field was in
agreement with that calculated for the actual JOHNIE BNY nuclear event.g The
results of these calcu]ations]o provided a hypothetical full-scale,
high-explosive PETN event in which the charge ralius was 1.88 meters and the
depth of burial was 1.20 meters. The charge mass was 49.3 metric tons Jiving a
nuclear equivalence factor of 13.4 percent. These calculated results were
supplied by A11en.]1

This hypothetical high-explosive equivalent event was to be simulated
at laboratory subscale using a 1.7?5 gm PETN explosive charge. Based upon the
similitude requirement ng = constant and gL = constant, the experiment was to
be performed at 345 G; hence, the test depth of burial was to be 120 cm/345 or
0.348 cm. (Actual placement was 0.362 cm.) To determine the sensitivity to the
calculated equivalent depth of burial, Allen suggested that a second shot be
performed at a burial depth of 0.345 cm.

A total of six shots were fired in this simulation series. Two shots

under identical conditions demonstrated reproducibility. The next two shots
using twy different charge sizes confirmed that the KAFB alluvium satisfied the

constant =, test. Two final shots, performed at the conditions suggested by
A]len]], bracketed the actual JOHNIE BOY results as predicted.

12




SECTION 2
THEORY OF MODELING

The modeling of full-scale cratering events by subscale centrifuge
experiments is baing investigated. To validate this technique, it is necessary
to show under what conditions a subscale experiment does simulate a full-scila
prototype and to determine the limitations and interpretations of subscale
experiments. To examine these requirements, the relationships between
comparable, but different scale, experiments are derived and studied.

Two methods are commonly used to derive modeling laws: similarity
analyses and dimensional analyses. Similarity analyses require a complete se’
of equations adequate for describing the phenomena in question. Dimensional
analyses, on the other hand, are based on an ad-hoc choice of independent
variablas, without regard to the physical laws relating them.

These two approaches overlap considerably. The governing equations of
any phenomena, if properly posed, must be expressible in a dimensionally
invariant form. Thus, if a dimensional analysis is performed, using those
variahles occurring in the complete set of qoverning equations together with
appropriate initial and boundary conditions, then identical results are obtained
by either method. Consequently, the identification of the governing equations
serves also to identify the controlling variables.

In this section, a similarity analysis of cratering phenomena is

12 Sy
and Killian and

presented. The analysis follows along the lines of Crowley
Germain]3 with two significant differences. The general balance equations of
continuum mechanics are employed, as opposed to particular forms used in the
computer codes considered by Xillian and Germain. Secondly, the similarity
requirements of the general balance equations applicable to all materials are
distinguished from the requirements imposed by particular constitutive equations
used to describe various materials. In this way the generality of the resu'ts
is more apparent. These results are then applied to the problem of a particular
explosive detonated in or near a deformable soil medium with the region above
the soil filled with a gas such as air. It is assumed that each of the three

13
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media--the soil, the explosive, and the air, can be modeled as a continuum with
appropriate constitutive equations. The qgeneral field equations will be
discussed first.
2-1 SIMILARITY ANALYSIS OF FIELD EQUATIONS

The deformation and motion of any continuum must satisfy the field
equation of mechanics in their general form. The general thermonechanical
response of materials, given by Truesdell and Toupin,M include:

halance of mass

p det F = o (1)

balance of angular momentum

balance of 1inear momentum
div T + b = pa (3)
and balance of energy
pé = Tr (TL) + or - div q. 4)

These equations relate the following seven fundamental fields

;(i,t) position vector (5.1)
p(f.t) mass density per unit volume (5.2)
I(i.t) stress tensor (5.3)
b(X,t) body force vector per unit mass (5.4)
e(i,t) internal energy per unit mass {h.5)
r(i,t) heat supply rate per unit mass (5.6)
d(f,t) heat conduction vector (5.7)

14
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and the four derived fields

V(i,t) = %f i(f,t) velocity vector (5.8)
S(f,t) = %f V(f,t) acceleration vector (5.9)
f(;.t) = Grad i(i,t) deformation gradient tensor (5.10)
E(f,t) = {%{ f(f,t)] [f'](i,t)] velocity gradient tensor (5.11)

all expressible as functions of initial position X and time t. A superposed
arrow denotes a vector and a tilde under a quantity denotes a tensor. The
superscript T on a tensor denotes the transpose, and the inverse is denoted by
the superscript, -1. The operator div refers to the divergence with respect to
the spatial position x, and Grad is the gradient with respect to X. The
operator det refers to the determinate and a superimposed dot denotes the total
derivative with respect to time. The initial mass density is denoted by Py In
addition, these fields are related by whichever constitutive equations describe
the response of the various materials and by the appropriate initial conditions
and boundary conditions. Various forms of the constitutive egquations are
considered later.

At surfaces of discontinuity (e.q., shock fronts), these equations are
augmented by jump conditions. For a shock or a detonation wave with local
normal n moving at speed U into an undeformed and unstressed material, the

following equations apply:

mass: P U = oU - o(V-1) (6)

moment um: In + Py W =0 (7)

energy: ny Ue - e, * % V-v-Q)+n. 13 =0 (8)
15




and a compatibility condition

U(E-I)n +V =0 (9)

where [ is the identity tensor and the variables o, v, T, e, F refer to the
properties behind the shock, Q is the energy per unit mass added at the jump for
a detonation wave, e and Py are the energy and density in the undeformed
material ahead of the wave.

Two different solutions to the entire set of eqs. 1 through 9 are to be

compared. All of the quantities associated with the second solution will be
denoted by primes. These two solutions are said to be similar if the following

relationships

XX, = o X(t) (10.1)
o (X't = p(X.t) (10.2)
(@) = o TG (1n.3)
B (X'.t') = o B(R,t) (10.4)
e (X',t') = a_ e(X,t) (10.5)
r(X,t) = o r(X,t) (10.6)
§' (X ,e') = ag F(X,t) (10.7)
Q' (') = ag (K,t) (10.2)

hold at homologous points defined by

+> -+
X' = ay X (10.9)

for homologous time




t' =aq, t. (10.10)

The derived fields are related as a consequence of their definitions by

VXLt = ;’17(?,1;) (11.1)
t
TR L) = X > (X, t) (11.2)
(o)
t
+> a -
Fr{x',t') =a’;f(x,t) (11.3)
L' (X',e) = ;—tg(f,t). (11.4)

Here the ten various quantities a. are constants called scaTE factors. Note
that if ay = a, in both solutions, the reference position X is the initial
position: ?(t = 0)= ;. This is henceforth assumed, leaving nine independent
scale factors. Thus, 1in particular, eg. 11.3 states that the d=formation

gradient must be the same at homologous points and therefore the strains are

identical also. In more detailed terminology, the two solutions are said to be

geometrically, kinematically and dynamically simﬂar.]5

The question of the existence of two different solutions related by
these similarity requirements is to be investigated. Both sets of solutions
must satisfy the balance equations given above, regardless of the constitutive
equations. This requirement will give certain restrictions relating the nine
scale factors. Additional restrictions from specific constitutive equations are
derived separately below.

Assume that a primed solution exists and substitute the primed fields
into the balance equations 1 through 4 using the similarity relationships (eqs.
10.1 - 10.10) to get

n, pdet f=a o (12.1)
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-

T divTita o ob=L203 (13)
o ~ p b 2

X 0

t
oo o o
- b d

p_£ pe = T Tr(T L) + . o pr - 9 div q. (14)

(tt at ~ =~ por ax

The unprimed fields must also satisfy the balance equations. Hence equations
12.1 and 12.2 are satisfied identically.

For the balance of linear momentum, eq. 3 can be used for div T in eq.

13, giving
Q. (3 ] 0 8!
e AT IR U o SRRV I (15)
n 2 " p b
X (at) X

-’ .
This must hold for all X and t. Thus, unless the acceleration field 3 s
itself a scalar multiple of the body force 3 or either 3 or 3 is identically

zero, it is necessary that

n o
T

J . £ X (16)
ﬂx (" )2
t
and
[§ 3
Ten a (17)
ﬂ.x pb.

The most common body force per unit mass is a constant vector proportional to a
constant gravity, g. In this case, any acceleration field which is a scalar

multiple of b is at most a rigid body motion. If 3 2 0, then eq. 17 is not
required. If 3: 0, as in statics, then eq. 16 is not required.

18




Now substitute oé from the balance of energy eq. 4 into eq. 14 to get

-5
for all X and t. Again, assuming the various fields in eq. 18 are neither
identically zero nor simple scalar multiples of a common field, it is necessary

that

= 19
(lp O.e (lT ( )
o
_&_ o, (20)
O
% % _ %N (21)

¢ Oy

Requirements brought about by detonation waves in the explosive can now be
included. For this case, both solutions must also satisfy the jump conditions
across the wave (egqs. 6-9). An analysis identical to that just given for the
balance equations produces only one additional restriction which involves the
scale factor “Q for the specific energy of the explosive ()

| (22)
ey
o]

q
Altogether then, the balance equations plus the jump conditions provide

six similarity restrictions among the nine scale factors relating the variable
fields as defined by eqs. 10.1 through 10.10. Egs. 16 and 17 are a consequence
of the balance of momentum, and eqs. 19, 20 and 21 result from the balance of
energy, and the energy jump condition supplies the remaining constraint, eq. 22.

The balance of mass and the balance of angular momentum provide no restrictions.




[t is convenient for the present application to consider ays ap and e,
as independent. The six restrictive conditions (eqs. 16-22) can then be used to
solve for the remaining scale factors:

2

w = o (3&) (23.1)

T o} at

a = ax/(at)z (23.2)
" 2

ng = (”_’t‘> (23.3)

a, = (0 )%(a,)3 (23.4)

ﬂx 3

‘h =a06§> (23.5)

. =(z_x_>2 23.6)

Q .

Therefore it can be seen that, considering only the balance equations
and the jump conditions, nontrivial similar solutions are allowed with arbitrary
scaling of size, time and density. The six remaining scale factors must then
satisfy the six equations, 23.1 through 23.6.

2-2 ANALYSIS OF SPECIFIC CONSTITUTIVE EQUATIONS

In addition to the balance equations and the jump equations given
above, the complete solution for the deformation and flow of any continuous
medium depends on the constitutive equations that describe the behavior of that
medium. Therefore, while the above similarity requirements (eqs. 23.1 through
23.6) are necessary, the question of their sufficiency has not been answered.
Note, however, that they are general and apply to all materials.




e i ———

The nature and type of equations that describe the material behavior
for a given medium and their role in determining similarity requirements is now
considered, In order to obtain all constraints due to the constitutive
equations, it is necessary to consider various types of such equations to ensure
that the complete set of equations, balance and constitutive, give a well-posed
problem in a mathematical sense. That is, there should exist unique solutions
when appropriate initial and boundary conditions are given. However, the
question of uniqueness and existence of solutions to this complete set of
equations cannot be answered at any level of generality. Thus, the study of

well-known classical theories is utilized where experience has shown that unique
solutions do exist.

A first special case considers the mechanical deformation of a linearly

compressible hydrostatic medium. A1l thermodynamic fields are omitted. The
stress tensor T is assumed to have no shear stress components and is therefore

described by the pressure p and the identity tensor [,

T=-pl (24)

~

The pressure p is assumed to depend linearly on the density change

P = K (1-0./p) (25.1)

where P, is the initial density at zero pressure and KO is the bulk modulus.
Two different experiments, designated as the primed and the unprimed, are to be
compared. Each of these may be in a different material, but each material is
modeled by the linearly compressible equation given above. Consequently, for

the primed material

p' =K' (T-p,'/0"). (25.2)

Are these two constitutive equations (25.1 and 25.2) consistent with
the similarity requirements given by egs. 23.1 through 23.6, or do they
introduce additional restrictions? The answer is easily seen. Since the
pressures p and p' are related by the parameter ar which satisfies eq. 23.1, it
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is necessary that the bulk moduli be related by ar also

1 ) ) ) 2
ae = Ko' (1-05'/0") K a (f&) (26.1)
T Ky (1-p,/0) Ko P\
since
[ ' o5 P
Py /P = a°p° = 0,/p (26.2)

P

Therefore, similarity is certainly possible in this case. [If the two materials
are indeed different, and the two experiments have different distance, time, and
density scale factors, then the bulk moduli of the two materials must satisfy
the requirement given by eq. 26.1. For two experiments conducted in the same
material (e = 1 and K ' = K ), eq. 26.1 can be satisfied only if o = a,
leaving only one independent similarity parameter, the size scale factor @ .
From this and eqn, 23.1, the stress and the strain must be the same at
homologous points in the two experiments. Hence dynamically similar experiments
of Adifferent size scale, arbitrary a, = A, in the same same linearly
compressible hydrostatic material must have the following scale factors

1t
—

ar (27.1)

]/ﬂx (27.2)

=
o
0]

A second example, a calorically perfect heat-conducting gas,
illustrates how additional constraints are introduced based upon simple thero-
dynamic behavior, The stress 1s again hydrostatic, but in this case the

pressure is given by a perfect gas law
p = (y-1) pe (28)

where Y is the perfect gas constant. The heat conduction is assumed to satisfy
Fourier's law

4= -k grad (29)

R




where 9 is the temperature field and grad denotes the gradient with respect to
the spatial coordinates. Further assume that the internal energy e and

temperature 8 are related by a constant specific heat CV as
e=C_ o0, {30)

The heat conduction can then be rewritten in terms of the conductivity k and the

gradient of the internal energy

E= - 'é—- grad e. (31)
v

Equations 28 and 31 can be taken as the fundamental constitutive
equations, eliminating the need to consider the temperature field. Roth eq. 28

and eq. 31 must be compatible with the requirements given by eqs. 23.1 through
23.6. FEquation 23 together with eqs. 23.1 and 23.3 give

(x-1) _ P rle' _ %% _, (32)
(v'-1) p' re %1 ’

Therefore, similarity 1is impossible unless both experiments are conducted in
materials having the same value for the perfect gas constant. This is a well

16

known result in fluid mechanics. Further similarity restrictions on material

properties can be obtained using eq. 10.7.

<>, !

=-L ll- <> 33
q CJ grad e = aqq (33)

where grad' denotes the gradient with respect to x'. Using eqs. 10.1, 10.5 and
23.3

grade’ %, Y
grad e Hx— - ("t)z (34)

so that using eqs. 31, 33 and 23.5

2
AN E".&L {35)
A "~ % Ot
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providing an additional similarity requirement.

Equation 35 can be rewritten as follows

k' pCv vy (36)
o'c\ k) Ve

using the scale factor for the magnitude of the characteristic velocities v and
v' (eq. 11.1)

k

A (37.1) 1

|

3 and the scale factor for characteristic sizes 2 and ' d
| 3
o = %f' (37.2) f

Substituting another perfect gas relationship, CV = Cp/Y and using v = ¥' 1

from eq. 32 gives

Q, 1 1 1 1] I
pviC, PV (38)

k k'

b kol

This ratio, the product of the Reynolds number and the Prandtl number referred
to as the Péclet number,]7 must be equal at homologous points in the two flows.

The sound speeds in the two different perfect gas media are given by
C2 - Y% (39.1)

and

¢y B (39.2) i

%=%=%Gﬂ (40) .

and the scale factor for density a5, the ratio of sound speeds can be written

24




2

l2 ' ] ]
<L> X ple oy (X (1)
c Y P oot Y\

P IR e DEniaie SRR

Using eq. 36.1 for the velocity ratio gives

2 . i\ 2
(!) =X (!T> ' (42)
C Yy \c
Therefore, eq. 32 which requires v = Y' leads to the further requirement that
Mach number be equal at homologous points. 1In this example, had viscosity been

g
E

included, separate requirements on the Reynolds number and the Prandtl number
. 6. , :
would have also been obta1ned]’ in place of the requirements on Peclet number

given by eq. 38.

A further reduction occurs if it is now assumed that each of the two
similar experiments is in fact conducted in the same material. Then the same

material properties apply for each material, a, = 1, and eq. 35 for material b
equivalence gives

a, = (a)? (43)

The six dependent scale factors are then given by g

ar = 1/(a)? (44.1)
o = ”(“x)3 (44.2)
o, = 1/((,x)2 (44.3)
ap = V() (48.4)
1g = /(0 (44.5)
g = 1/(a)? (44.6)

where the size scale factor @ is arbitrary. Note that stress, body forces,

internal energy, radiation and heat conduction all scale with various factors
hased upon the size scale factor a .
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The requirement of =quation 44.6 implies that, in experiments with
explosives, the heat of detonation Q cannot be the same in two similar
experiments. However, consistent with the assumptions given above, and insofar
as the thenmodynamical constitutive equations stated must also apply to the
explosive, the two experiments must have the same thermodynamic material
properties for the explosives. These two requirements are in practice mutually
excluysive. This conflict arose because of the inclusion of heat conduction
effects. That is, when heat conduction effects are significant in experiments
with detonating high explosives, similarity between experiments with different

size scales cannot be achieved with the same material.

Having examined these two special examples, more general conciderations
can now be given. Guided by the last example, it is assumed that heat
conduction effects can be ignored. Yith this restriction, consider the question
of the complete characterizataion of a medium such as soil. It is expected that
prediction of all aspects of explosive cratering may require concepts of
compressibility, nonlinearity, yield, fracture, porosity, cohesion and others.
As stated by Truesdell and NoH]8 of the concept of dynamic similarity: “The
more complicated the constitutive equation, the greater the number of
dimensionless numbers that must be controlled in order to assure dynamical
similarity. Ultimately the dimensionless response functional itself must be the
same for the two materials in order for scaling to be possible."

In agreement with this statement, a third important special case is
considered. (0f course, as the previous examples using simple constitutive
equation show, similarity can be achieved in different materials if the
constitutive equation is sufficiently simple. This is the case in classical
fluid mechanics. There is the possibility of at least approximate similarity of
some aspects between different real materials, even when their total behavior is
rather complicated.) Suppose two experiments of different size scales are to be
conducted in the same material and with the same explosive. In this case, is
similarity possible? The answer to this question can be given at a general
level. Consider the similarity requirements given by eqs. ?23.1 through 23.6 but
with the assumption that the same media and the same explosive type dre used in
hoth experiments, Furthermore assume that heat conduction effects are not
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significant. Then it is necessary that a) = 1, GQ = 1 and from eq. 23.6, a =
. Hence there remains only one independent scale factor ay qiving
ap = 1 (45.1)
oy = 1/ax (45.2)
a =1 (45.3)
e
a = 1/a (45.4)
r X
“q =] (45.5)

Therefore, similarity is indeed possible, as long as the constitutive
equations are consistent with this scaling. The stress, the strain, the
density, the internal energy and the heat of detonation will be the same at
homoloqaus points. The body force and the heat-rate-supply term must scale as
the reciprocal of the size, and the scale factors for time and distance are
equal. Consequently, if @ = 1/10 so that a 1/10 size scale experiment is to be
performed, the body force must be 10 times larger as must be the heat-supply

rate. A1l events will occur in 1/10 the time over 1/10 the distance, and all
velocities will be the same.

It is fairly obvious that a large class of constitutive equations will
be compatible with similarity at this level. Any relation between the conserved
quantities such as the stress, strain, and internal energy will be directly
compatible, no matter how complicated or nonlinear. This includes nonlinear
elasticity, plasticity, porosity, spall and fracture, the Mie-Gruneisen equation
of state, the so-called Jones-Wikins-Lee (JWL) equation of state used for high
explosives, and many others. Only invariance to arbitrary a and ¥y is

necessary. Thus, it does not include any constitutive behavior not invariant to
size scaling and to time scaling. For example, an equation between stress and

rate of strain would not be consistent.

This observation is summarized by the following qeneral  statement:
Complete and exact dynamic similarity can bo achieved between two ditterent
27




experiments of arbitrary size scale in the same material as long as the

constitutive behavior is 1) rate independent and 2) has no inherent size

properties. 0f these two requirements, rate independence is probabhly the most
restrictive. It has already been noted that this rules out heat conduction. It

is interesting that the property of rate-independence emerges as the significant
property that allows non-trivial similarity in very general materials. Whether
this restriction is of practical importance, and if so, for which materials, can
only be answered by experimentation.

2-3 DIMENSIONLESS PARAMETERS

The results of the previous sections can be used to generate
dimensionless parameters enabling direct definition and comparison of similar
experiments. In particular, the tests in question are to determine the final
apparent crater formed by the detonation of a spherical explosive buried in a
homogeneous soil. The volume of the crater is determined by the motion history
;(i,t). This history is itself determined by the complete set of equations,
balance, jump and constitutive, together with the appropriate initial and
boundary conditions.

It is recognized that the behavior of the soil is complex and requires
complex constitutive equations. Thus it is probhable that similarity will not be
achieved unless the same soil is used for similar experiments. With this
restriction, as shown in the previous sections, similarity is possible assuming
only that the constitutive equations describing the soil are independent of the
scale factors for size and for time.

A very general class of mechanical constitutive equations are those

which Truesdell and Noll'® have called simple materials. These include all

materials for which the stress tensor at any material point at the present time

is determined by the past history of the strain at that point. This includes
all types of non-linear elastic, elastic-plastic, and visco-elastic materials,
whether solid or fluid.

18
Truesdell and Noll

constants characterizing a simple material can involve only constants that are

have shown that the complete set of material
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dimensionless, or have units of stress or time. I[f a restriction to rate-
independent materials is made, only dimensionless or stress-unit constants can
remain. This level of generality still includes all aspects of nonlinear
elasticity, rate independent elastic-plastic, and rate independent fracture of
any type. It is assumed that the constitutive equations for the soil are
included in this general class of constitutive eguations.

The explosive is assumed to be modeled by the classical Chapman-Jouget

theory, where the combustion products behave as a perfect gas.

With these assumptions a list of pertinent parameters can be given.
The explosive behavior is determined by

0 - the heat of detonation per unit mass

8 - the initial density of the explosive.
The soil is characterized by

p - the initial soil density

Y - a material strength parameter.

The possibility of similarity between different soils will be included
in the following analysis. As discussed above, all material properties of the
soil are either dimensionless or have units of stress. The material strength Y
listed here is assumed to have stress units. The inclusion of all remaining
material constants, whatever their number, will not change any of the arguments
to follow and therefore are not included. The perfect gas constant v for the
explosive products is omitted for the same reason. This point will be clarified
subsequently.

The ambient air 1is not considered, and the initial geometry is
determined by

a - the explosive charge radius

d - the depth of burial
In addition, the solution depends on the body force arising from

g - gravity.

The scale factors for all variabhles including the above independent
parameters are determined by the three independent scale factors T B and
a, as in eqs. 23.1-23.6. These three scale factors can be expressed in terms
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of the actual physical parameters of the two experiments to be compared. For

example
a' =a a (46.1)

s0 that
=al 46.2
a =2 (46.2)

Since the mass W of explosive is qiven by

W= (5'—') sa> (46.3)
3
eq. 46.2 can be rewritten as
' ]/3
Wé
=z [—= 46.
“x <N6) (46.4)
Likewise the mass density at each point in the model experiment is related to
the full-scale experiment by @ . Hence o' = aj0 and &' = a8, giving
I 47.1
[§ 1 = D 8 ( )

Hence eq. 46.4 can also be written
v (/3
= w p
. (W) (47.2)

It is now convenient to determine @, in terms of the specific enerqy ' and 0 of
the explosives used for the two experiments. In particular,

Q' = aQ Q (48)

so that using eqs. 23.6 and 46.4

2 y /3
Qoo o (%) . s ’(J_) (49)
Q Q \e, Wé' “t

{
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Solving for %,

o =<i§—>]/3<g_>]/2 (50)
t lws Q'

The scale factors for the other variables can now be determined.
Volumes V' and V are related by the cube of the scale factor for distance given
by eq. 47.2

" 3 a N'p
V' = (ax) y WV (51)

which leads to the definition of a dimensionless parameter, referred to as a
T-group, relating the variables in each experiment

V‘»'rg’lwg"ﬁ =

For any two similar experiments " must have the same value. Scale factors for
the remaining independent parameters of interest in the two experiments under

comparison can also be expressed in terms of the three scale factors a , a and

ay given by eqs. 47.2, 47.1 and 50. \Using eqs. 10.4, 23.2 and 46.4, the scale
factor for gravity is

1/3
g' - X . (We Q'
¥: 3= \we Q9 (53)
This leads to the definition of a second m-group
, 1/3 1/3

9._ _‘i.'.. / - ..g_ __l_'.l. / = T (54)

Q' \ s Q \¢ 2
The depth of burial for the two experiments satisfies eq. 10.1

1/3
_ [ WS

d' = axd = (W) d (55)

so let

W1/3 1/3
v 1 8
d (W) - d(‘fx‘) = (56)

The density of the explosive satisfies eq. 10.2,

"
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§=a 6= 5 (57)
o
as used in eq. 47,1, hence let

DL P . 53
%T 8 "4’ (53)

The material strength parameter Y has stress units. As a consequence,

it must transform between the two experiments with the scale factor oy:

Using eqs. 46.4, 47.1 and 50

AR & (50)
Y T %50

The appropriate m-group is given by

v G
§q" = T (1)

X
éQ

A1l remaining parameters that have been identified are either
dimensionless or have units of stress. For exanple, dimensionless constants
include the perfect qgas constant Y of the explosive products or dimensionless
material constants for the soil. These dimensionless constants can be easily
shown to be required to have the same value in similar experiments, [Lach such
parameter defines an additional m-group. Those that have stress units will lead
to T"-groups that are ratinos of the additional parameters to the variable Y
identified above. Mtimately the discussion will be restricted to experiments
using the same soil. For this case, all additional soil material property
T-qroups are constant for an entire series of experiments, and there is no need

to include them specifically.

The relationships among the scale factors, eqs. ?3.1-23.6, applied o
the eiqght parameters, seven independent and one dependent, of a4 cratering
experiment require that the five independent 7-groups, " through i each hayo

the same value for similar experiments. Conversely, similarity between twn
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experiments will be achieved when these five m-groups are the same for the two

experiments, at least insofar as the original 1list of seven independent
variables 1is complete. Any additional independent variable will give an
additional T7-group which must also be the same. These 7-groups allow the
design of a subscale experiment to model a qiven full-scale event. Arbitrary
values of a, ¢ and () can be chosen or equivalently, values for the scale
factors & s g and 00. Then there is a subscale similar experiment, having the

same values for each of the five n-groups as does the full-scale event.

The original list of eight variables is not independent, The volume V
has previously been identified as depending upon the other seven.  Thus the

following relationship can be written

V = F(9,d,5,Y,+,a,Q) (p2.7)

By using a simple change of variables, eq. 62.1 can be rewritten in terms of the

five w-groups, f, a and Q
= .4 2.2
™ o (n2,n3,ﬂ4,n5,;,a,Q) (b )

However, as noted above, a qgiven full-scale event can be modeled with a similar
experiment for any values of o, a and () whatsoever. As a consequence, there
exists a whole family of similar experiments, where o, a and 7} may take on any
values whatsoever, and for which " throunh meoare the same. Thus it can be
concluded that f, a and Q can be varied at will, but as long as "o through =g
are held constant, then n; must also be constant and depend, at most, upon the

other "-qroups. Therefore eq. 62.7 can be rewritten

m - 557(n2,n3,n4,n5) (h?.3)
where
ﬂl = v_dl (‘)}'])
| (W)]/3 (h3.7)
2 Q\&
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. 1/3
ny = d (;) (63.3)
My = o/ (63.4)
Y
s Ry (63.5)

Therefore, if 5 through " dre controlled so that they individually have the
sane value in two experiments, then similarity is achieved and the qroup will
also have the same value., In this way, the volume of a crater in a large- scale
experiment can be determined by performing a small-scale similar experiment | and
the scale factors on all parameters are determined by the choice of the three
paraneters o a3, 0,

An important special case arises when experiments are conducted in the
same soil and with the same explosive, Then both L and rooare constant for the

experiments as would any additional n-group for the soil and the axplosive

qiving
Ty = D pam3) (4)

Having picked the size scale factor by choosing charge size, only the depth of
burial 4 and the gravity g need to be controlled in order to ensure similarity,

For surface bursts {zero depth of burial), ny =0 and

mos U (29)

This relation cantains all the information about the volume of a crater
for a given chargqe in a qiven rmedium. Fixing the value of "y uniqiely
determines the valuye of "1 and  the experiments are similar, However, to
deteraine the function Y . 4 set nf nonsimilar experimnents with variouges vil jou
2fF o, must be perforned, It is important to note that T,oran bhe varied either
by chanqing the charqe <ize 2t fixed q or by varying q for 3 f1xed charge o1
That 15, with variatrang af qgravity alone, using 4 charde 5120 0 g 0
tahoratory exparinoents  the Adnpendence of vol:me on Charge <o can o 6T
detorened using the "o qragp representation, The ot ol foenbon e e
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to other dependences upon the non-dimensional groups T and T and any others of
consequence. This illustrates the significance of being able to vary the
gravity field strength in cratering experiments.
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SECTINN 3
EXPERIMENTAL TECHNTQUE

3-1 CENTRIFUGE DESCRIPTION

The Boeing 600 G centrifuge was used in this study. This machine has a
dynamic load rating of 60,000 G-kg (66 G-tons) at 620 rpm and was constructed
using the aerodynamic housing and main shaft assembly from a fyrex Model 2133
centrifuge. The rotor was designed and fabricated by the Boeing Company to
incorporate symmetric swing baskets allowing testing of non-cohesive soil
materials. The arm radius to the fully extended base plate is 139.7 cm with a

maximum payload mass of 250 kg on each rotor end. An overall view is shown in
Fig. 1 and the details of the swing basket and soil sample container are shown
in Fig. 2.

The centrifuge is powered by a 30 horsepower Faton Dynamatic Model
ACM-326-9108 drive unit incorporating an adjustable speed, constant torque eddy-
current clutch. The unit also has electrical dynamic braking allowing shut-down
from maximum rpm in less than 30 seconds. The constant output speed motor and

variable drive unit are shock mounted and coupled to the main shaft with a bhelt
to minimize vibration.

The rotor shaft is equipped with 24 slip rings for instrumentation
channels, three 220 V.a.c. power slip rings and a hydraulic slip ring which can
accommodate either gas or liquid. A pair of motor driven Nikon F2 35-mm still
cameras are hub mounted in a stereo configuration. These cameras provide stereo-
photo coverage of one rotor end with a maximum framing rate of six per second.
Since the cameras are mounted at an average radius of 13 cm, they experience
centripetal accelerations of up to 60 G at maximum rpm. Semiautomatic single

framing is not affected by this loading, however in the continuous motor drive
mode, shutter speeds fall out of calibration above 350 rpn lapproximate canera

loading of 18 6).

This camera installation is under continuing development, In this
9 !

program it provided a system capable of dynamic stereophoto mapping in the event
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Figure T, Boetag 600 G centrifuge,
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Figure 2.

Swing basket showing details of soil containers.
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that the formed craters proved to be unstable due to slumping, vibration or
windage. For the soil materials tested this was not the case and the cameras
were used to confirm earlier tests in which pre-formed craters were spun up
successively to check for possible shape changes.

A data reduction technique for stereophotogrammetry was developed for
these non-metric cameras under static conditions using object space calibration
marks on the so0il sample container. The details of this method which are
directly applicable to the dynamic system are given in Appendix D. Figs. D1 and
D2 show the on-board camera installation in the rotor hub. A 600 watt quartz-
halogen Tamp provides adequate illumination for films having speed of ASA 125 or
greater.

3-2 EXPLOSIVE CHARGE DESIGN

To test the hypothesis that increased gravity could be used to scale
energy, various explosive charge sizes and materials were required for experi-
ments to be performed at different G levels. The choice of explosive device was

b

influenced by the work of Piekutowski, who reported very satisfactory perfor-
mance from precision devices supplied by the R. Stresau Laboratories, Inc., of
Spooner, Wisconsin. For the present work, four different charge sizes were
employed. These included the two basic charge sizes used by Piekutowski

(1.70-gm lead azide and 0.49-gm PETN) and two larger sizes.

The 0.49-gm composite PETN charqe, desiqgnated CICS-5 by Stresau
consists of two halves of a concentric sphere of PETN pressed around a silver
azide initiator, desiqgnated CISAS-5. The silver azide is a sphere with radius
0.198 cm. 1t consists of a maximum amount of 0.130 grams of explosive centrally
initiated using a notched 0.0127-cm-diameter tungsten wire to form a spark gap
when energized by an electric current. The actual weight of PETN in this device
is a nominal 0.360 qram.

The two larger sizes use the same silver-azide initiator with greater
amounts of PETN pressed into a concentric spherical configuration. The larger
of the two, desiqgnated CICS-4, has a total mass of 4.08 am, approximately an
order of maqnitude greater than Piekutowski's basic 0.49-gm PETN charge. This
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device contains a nominal amount of 3.960 gm of PETN pressed to a nominal
density of 1.70 gm/cc. The other composite charge, designated CICS-1.265
contains a nominal 1.22 gm of PETN and has a total mass of 1.34 qm.

The actual charge weights recorded in Appendices A and B are those
provided by the R. Stresau Laboratory. It was not possible to confirm these
after delivery due to unknown amounts of binder and surface lacquer that are
used in fabrication. In addition, it should be noted that the weight of the
i silver azide in the detonator could vary because of a surface condition in the

mold. The silver-azide weight could be as low as 0.120 gm, but was not greater
than the nominal 0.130 gm specified. For the purposes of calculations it was
] assumed to be 0,125 gm.

Piekutowski6 performed a series of calorimeter tests to measure the
energy of detonation in order to arrive at a charge weight of PETN which would
liberate an amount of energy equal to that of the 1.70 gram lead azide basic
charge. Bomb calorimeter measurements performed in air at one atmosphere
provided the heat of combustion, whereas similar tests using argon provided the
heat of detonation. His data obtained for the heat of detonation is reproduced
in Table 1. The column labeled "Net Heat Release" is the tota! heat release
measured using the argon bomb calorimeter less that produced by the silver azide
initiator (calculated to be 2.34 x 109 ergs based upon a mean weight of 0.125 gm
and the average value for the heat of detonation of silver azide qiven by
Piekittowski to be 1.88 x ]0]0 ergs/gm). Using this correction for the composite
PETN charges, the average heat of detonation for PLETN as fabricated in this
style charge is 5.66 «x 10‘0 ergs/gn with a coefficient of variation of 7%.

For the three sizes tested by Piekutowski there appears to be some
correlation in the experimental scatter due to device sizo. This is to be
expected since there is a certain starting distance before the detonation wave
is fully established in the PETN. However, the value of 5.79 x 1010 ergs/gm at
maximum density conditions (1.77 gm/cc) quoted by Piekutowski is only 2% greater
and within one third of a standard deviation of the value calculated from his
calorimeter data. The mass density of the Stresau charges, reported to be
approximately 1,70 gm/cc is slightly less than the maximum for PETN and s
consistent. with the value calculated above of 5.46 x 10]” ergs/qm.
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The scatter in the energy release data for the 1.70 gram lead azide
charges has a coefficient of variation of 1% based upon the four air shots and
two argon shots in the bomb calor‘imeter.6 The value of 7% for the small PETN
charges cited above is probably due to the composite design employing the silver
azide initiator. This coefficient of variation would be expected to decrease as
the amount of PETN in the composite design is increased, minimizing the effect
of a finite initiation distance in the PETN.

These calorimeter results can be used to calculate the effective
density &, the energy per unit mass Q, and the energy per unit volume Qv using

the foliowing definitions:

s = 43“3 (66)
mTa

Q = E/W (67)

0, = 4Q (68)

where W is the total charge mass including the initiator, a is the charge
outside radius, and E is the total heat released during detonation incuding that
due to the initiator. A summary of these material properties for the four
charge configurations used in these experiments is given in Table 2.

For surface burst experiments, the explosives were placed at zero depth
of burial by carefully excavating a void equal to one-half the charge volume
using a micro-vacuum consisting of a piece of 1/8 irch diameter Teflon tubing
taped into the nozzle of a standard shop vacuun. The electrical leads were
taped to the outside walls of the aluminum soil containers and strung in such a
way that no interference resulted when the basket swung up during acceleration.
The charges were fired using a standard laboratory d.c. power supply which

provides up to 40 A at 40 V through the electrical slip rings.

The charge placement was quite stable and no displacement was ever
observed prior to firing when on several occasions the centrifuge was shut down
from full speed as a precautionary measure to confirm preshot test conditions.

One run resulted in several misfires due to breakdown in the enamel insulation
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where it ran over a sharp edge that had formed on the soil container due to
sample preparation, causing the charge to be shunted by the aluminum structure.
However, the stability of the test configuration allowed two subsequent
replacements of the charge on the "X" end of the rotor and one replacement on
the "0" end before the problem was uncovered. In all cases the soil showed no
evidence of being disturbed, except for minor marks on the surface where the
lead wires touched it.

3-3 SAMPLE PREPARATION

Techniques to fabricate the Ottawa sand soil samples were based upon
the prior experience of Piekutowski,5’6 who visited the Boeing facility and

participated in the test bed preparation for shots 10-X and 10-0 as well as two
prior checkout shots using detonator caps.

The procedure was to calibrate the volume of the soil container using
water at a known temperature. This, tagether with the empty weight of each
container, provided a basis for determining the average density of the finished

soil sample nrior to placement of the explosive. The sand was pluviated by
pouring it slowly onto a sieve and allowing it to free fall approximately one

meter. The chosen sieve size would just allow passage of the larger particles
and could be used to direct the placement of the sand. In addition, the sieve
was continuously shaken from side-to-side to further disperse the sand allowing
it to fall 4as particles instead of as a fluid stream. In this way each particle

comes to an equilibrium resting place with a minimm of interference due to
other falling particles. This technique produced the maximum obtdainable sand

density which was reproducible for a given sand type to within 0.25%.

Three different sands fron the Ottawa Silica Company of Ottaws,
I11inois, were used, Flintshot was desired so that the data could be compared
directly to that of Piekutowski. Nue to the commercial undvailability of
Flintshot, the first two shots were fired in Sawing sand. Later a supply of
Flintshot was obtained from the University of ilew Mexico (ivil Ingineering
Research Facility (CERF) through the efforts of R. W. Henny of AFWL. However,
as shown in Table 3, the size distribution of Sawing sand is quite comparable to
that of Flintshot, albeit a bit finer. The third sand used, also referred to in
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Table 3, was Banding sand which is considerably finer than the other two and
provided a suitable particle size variation.

The actual ineasured densities obtained for the various Ottawa sands

. i
were about 1% less than maximunm values reported by Piekutowsk15”

experiments at UDRIT. This probably reflects a systematic difference in

in s

technique between the two facilities. For the smaller centrifuge samples total
weight could be obtained directly in one weighing. For the much larger PRI
samples, multiple weighings were required and any spill-over was collected,
weighed, and subtracted from the total. Also a mechanized sand convevor with a
rotating squirrel cage was used to disperse the sand which provided very uniform
results, Other than small errors in the actual volume determination of the soil
container, the most significant source of difference is attributable to the
surface leveling technique. For the centrifuge studies, a piece of alumimm
structural angle was used as a scree to smooth and level the surface. This
would level the surface to approximately + 0.05 cm which is the size of the
larger sand grains which build up on the metal top edge. Generally, two or
three passes with the scree were made to obtain the desired surface finish,

This is in contrast to a single pass used with a mechanized scree at UDRI.

To enhance ejecta definition, the surface was dusted with a light coat
of black spray lacquer as suggested by Piekutowski.]q Care was taken to avoid

any cementation due to the lacquer application. This was only applied to the
Nttawa sand samples to improve contrast on the otherwise all white surface.

The alluvium soil posed different fabrication problems due to the larqge
percentage of fines. The above technique for Ottawa sand placement was not
applicable at all., Instead, soil was poured into the container in 3 to 4 c¢n
thick lifts, After placement of each 1ift, the sample container was dropped a
dozen times onto a platform of wooden A" x 4%"s from a height of approximately 20

cm.  Greater height caused the soil to bounce instead of compact.

The container was overfilled to a height of approximately 3 cm ghove
the top edge. At this point both samples for a given run were centrifuged at 00
rim (500 1) for 10 nminutes.  The sanples were then renoved and the surface

leveled using the aliminip scree,  tor the nominal four percent moisture content
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alluviun (shots 13-X, 12-0) this technique produced a density of 1.5% agm/cc.
The 2.A5% moisture content alluvium {(shots 17-X, 17-N) measured 1.51 gm/cc.

Samples for shots 15-X and 16-0, which were prepared using the Adrop
technique but not centrifuged, attained a considerably lower density (1.45-1.43
gn/cc) which proved not to he stable. After these shots were fired, the ground
zero surface had subsided approximately 0.3 on. This subsidence probably
occurred in two stages, some during spin-up and the remaining amount Aduring the

firing of the explosive. It was concluded that it did not all occur duriny
spin-up, since it was greater near the crater than around the container edge.

As a result these data points for apparent crater volume ware ambiguous due to
this subsidence of the ground zero surface (the maximum 1ip height was below the
original level). However, they satisfied the test objective to ensure the
reproducibility of the KAFB alluvium., Based upon a reference plane tangent to

the minimun surface elevation just outside the crater 1ip, the two volumes
differed by only 6%.

Sample preparation for the UDRI 1-G control shots in alluvium differed

in that the centrifuge could not be used to obtain maximum density. Instead,
the material was tamped using layers of approximately 3 cm thickness. In this

way density of approximately 1.60 gm/cc was obtained. This procedure would
cause a tendency toward layering of the sample, but according to Piekutowsk1’2n

no direct evidence wds observed, although the scatter was much greater than for
his previous shots in Ottawa sand.

The KAFB alluvium was shipped in sealed five gallon cans lined with

plastic. The moisture content was approximately 4% for all the cans. Shots
17-X and 17-0 were fired 1in alluviun that was exposed 5 Tahoratory air

comditions far two weeks. This material had iried it 5090 and neasured 2.60%

moisture.

A1l the soils used in tnis program were characterized by sepdrate
testing performed by Shannon and Wilson, Inc., of Seattle, Washington. The
results of their tests provided failure envelopes for confining pressures up to
2R.73 tons/ft2 (?7.56 bars) and the associated triaxial lnading paths.  This

data is qiven in Appendix C. These material properties tests pravide reference
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conditinons for the soi1ls .sad and this infortgtion can he atalrzed to 1o e

future centrifuge tests on these s> aterials,
3-4 TEST PROCENIRY

The syametric design of the rotor allows firing fw shots toeing o

sane run.  This provides an experimental convenience Huat 16 not nece oaary f gy

dynanic balance as originally anisionud“ Since negliathle ot s ot e )
are ejected from the swing baskets 'Tess than 26 gm),  Dual shots of nagte 2
need for a counterweiqght and do provide o conyenient  Control 0 opeode
preparition as well as test conditions and, 4s such, were lwivs enploved, 7o h
shot 1s designated by the run number followed by the saffrc b ar ¥ g denate s ho

apprypriate rotor end,
The entire test sequence following the mounting of  “ho trnrcih e
weighed samples is summarized by the following procedural checy Tist gsed e

the run,

Firing circuit continiity check,

Install shorting plugs in centrifuge and firing umt/is),
Place charges in soil samples,

Check stray voltage in firing circuit,

Connect charge leads.

)
)
)
)
)
)} Close centrifuge aerudynanic housing.
) Pemove shorting plugs on centrifuqe,
) Clase safety door barrier.

Yy Remove shorting plugs an firing unit,
0) Accelerate rotor to dfesired rpm,

1

Y Fire on countdown.

At any time a run could he halted and restarted gt the g rotagn o
the test conductor, This occurred on many octisionsg when 4 striay wisher o
small piece of wire produced an explainable sound tyring soinegp,  noafdan
to the test conductor, thora 15 4 centrifiuge operator and an arininee
technician, [ach operates independentlv and is responsihlao for the oiéaey

his aspect of the procedure. lipon the expiryation of a4 five ningte pevoaf
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evactte the exnlasive products following firing, *“he chamber 1is reopened.

Steran and docurentary photographs 1o Liken irmetiately prior to any haadl ing

nt *he Spec1ens,

MT the cratosres oraduced in the dry soils tested in this progran
anveared to e conpletely o ole and no evidence of subsequent shipe change due
to ahration, windage or shimning was ahserved., Therefore, in all zases the
crators co it he easared gsing 3 special profiloaster after the centrifuge had
stonnedy Ming 1 rhegugh 13 were mieasured using the depth gauge of an ordinary
tpthiaist's sernier cglipers in conjunet 30 with a horizontal reference provided
Dy Teoanch sreel machint st s oscogle nasitioned dbove the simple using qauge
nlocks.  Thase seasurenent s were very tedious and gave risa ty the Jdesign of a
e T et yhroh gy Fahric gt ad in time to he used to measure the craters from
ransg 13 fheegh 10, The o filaneter s g scaled-down socsion of one originally

L

dogigan e Ny T el Ttoronsists of seveatyoone, 1727 inch diganeter steel

voads Srpad om0 o conters avasnding coverade of 47 o owhich s 9N of the

ol an i e ant gete the qoil s tanered with oy Y0 o flat on

v, Tho ot longtha o it ealled oo that digplacaeaent can He veasured fron
R o e Y anare ey A1yl gqange, “ocently oo dial qanne
At et e e gl ahe whteh gliog aLer the ral L o Syt gted
Errhnpe Coa ]t arn eng i fthean ra b pct angiang, The  accuracy ot 1 Tragtor
T e et g e preen eyt gt vn sl wrthin 40,01 o in hath the
et T et et e b e v yng The oarlier ceasgreents o gsing the
ool e T ey e s gl b e Wit hig e ! et 1]WV and 40 02
o N, e eyt it hee fachnta e v T te by the actga
St ot e e gt h the o T et el epg e o reee Care ta it
ety e b b e T s b e Y e g ) e e, Y, Y
et o
P 1., <
E T L L A SO R A A TR AL cant et Y et e
A grraanGg ettt he S L A
Y Y SR L VRN L TP < el ey v
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were so encourajing thit additional 1-G control shits were made with the larger
PETN charges designel for the centrifuge experiments to complete this

zomparison.

Thase additional shots were performed by A, J. Piekutowski of U]
under separate contract to AFWL. The 1-5 test matrix was coordinated by R. .
Henny of AFWL and the explosive charges were provided from the lot fabricated by
Stresau Inc. for the high-G work. The details and results of these exseriments
were supplied by Piekutowskizo and are given 1in Appendix B. Tables 83 and B4
give detailed data for the larger PETN charges in Ottawa Flintshot sand. Table
B5 provides data on a checkout series in KAFB alluvium using the 1.7 gram lead
azide charge design. Tables 86 and B7 give the results for the larger PLTN

charges in KAFB alluvium.
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SECTION 4
OTTAWA SAND RESULTS

A summary of the ten Ottawa sand centrifuge shots is provided by
Table 4. In addition, nine 1-G control shots are shown. These include two 1.70-
gn lead azide shots,% three 0.49-gn PETN qhots,G and four shots perforined
expressly to evaluate the behavior of the larger PSTN charges at |1 6.20
Conplete data tables as well as stereo photographs and crater profiles are given
in Appendix A for the centrifuge shots. Appendix B contains data tables for the
1-6 control shots. All of these shots used a half-buried snherical explosive
charge configuration in a hoinogeneous soil. For all of these zero-depth-of-
burial results, the crater can be shown to depend upon only a single
non-dimensional parameter, "2, referred to as a gravity-scaled yield parameter
derived in Section 2.3, quoted in eq. 54, and hased on an earlier dimensiona!

anawsis.4 Application to these experiments is discussed below.
4-1 PARTICLE ST7E DEPENDENCE

Similarity requirements for explosive Cratering experinents in
identical materials are satisfied if all linear dimensions are reduced hy a
factor equal to the reciprocal of the gravity field strength (eq. 45.2). In the
case of a granular soil, the question arises as to whether the particle size is
small on the scale of the experiment allowing the soil to be treated as a
continuum with no inherent size effect. 'n general, since the particle size
distribution determines the constitutive behavior of a qiven snil, a conflict
would arise if particle size were to be scaled. This is a non-trivial question
and cannot be answered in general for a material without appropriate testing,
since the pnssihility of an inherent size property fsuch as flaw size, or pore

size, etc.) cdn contrnl the phenomenon under investigation,

Two shots were conducted to explore grain size effocts for
noncohesive dry sands. RBanding sand was used for shots 12-Y and 13-Y which aro
to be compared with shots 12-0 and 13-0, fired in Flintshot, Shots 12-0 and 17-Y
were fired at 451 6, whereas shots 13-0 and 13-Y were fired o 306 0. Ag shawn
in Tabie 3, the averaqe particle size of the Banding sand was approgirately one-

. . . . : AR
third tha*t nf the Flintshot sand. Yarlier work by Diekutowst i, ANV T A
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gram lead azide charges resulted in a factor of 2 difference in the apparent
crater volune obtdained for the two materials. For these 1-G tests, the crater
volune for the Bamding sand at maximun density (r = 1.744) was 192 cc,
approximately 55% less than the Flintshot crater volune. The corresponding
crater volumes from the centrifuge tests for both the 306-G shots and the 451-G
shots were only 6% and 5% smaller, respectively, for the Banding sand as shown
in Table 5. Note that the maximum density obtainable for the Banding sand in
the high-G shots was somewhat less than that obtained for the 1-G shot; however
the former was a stable density and there was no settling obszrved. This lower
density could reflect a slightly different size distribution since the UDRI sand
was from a different lot. In addition, the finer sand is harder to pluviate

since it is less uniformly graded.

An observation from these few shots is that for increased “? (large
yield or large gravity) the influence of particle size variation on crater size
decreases, This indicates that material strength effects become less important
for large ",. Secondly, it confirms that the Ottawa sand can be treated as a
continuum fo} the laboratory scale high-5 experiments. This also suqgests that
particle grain size can be varied to achieve some desired behavior without
violating the scale of the experiment. For the case of saturated sand, perhaps
grain size could be scaled independently from experiment size to obtain the
correct pore water response.

4-2 CONSTANT ™, TEST

2

A critical test has been defined to evaluate the applicability of using
a centrifuge to achieve similarity with a given half buried explosive in a given
snil material. This test involves measuring crater characteristics due to
charges of different size under different gravity while holding the value of
"= (g/0)ue) /3

méterial are functions only of "o the material models used in deriving the

constant. Then, if the crater characteristics for a soil

T-group representation are adequate (Section ?). Furthermore, this allows

charge size effects to be determined by tests in which gravity alone is vdried.

For ", = constant, the charge weight for a given explosive varies as

1/93, fixing the relationship between W and g for fixed Toe To test this
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relationship, two different charge sizes of the same type explosive chdarge were
fired at different values of gravity as determined by the ratio of charge
masses. When the test matrix was devised, it was assumed that for the same
explosive, charge properties would not depend upon size and therafore the
gravity ratio (g]/gz) for a given charge mass ratio (w]/uz) would be simply

1/3
A (69)
% M

To first order, this assumption 1is valid; but, as the data in Tadle 2
demonstrate, the presence of the silver azide initiator does influence the value
of all the pertinent charge properties for the composite PETN charges. Taking
this into consideration, the prescribed gravity ratio for constant T, can he

expressed as follows

173
(.Y [\ (% (70)
9 QO [\ /\W '

Refore any conclusions regarding the application of centrifuge results
to the prediction of full-scale 1-G events can be made for a given material, the
constant T, test must be shown to hold for different charge size experiments
performed on the centrifuge with gravity test conditions as prescrihed by eq.
70.

For the Flintshot Ottawa sand, three experiments were performed to
evaluate compliance with the constant ", test. Shots 11-X and 11-0 were
performed at 451 G to confirm reproducibility using the nominal 1.34 gm PETN
charges. Shot 13-0, a 4.03 gm PETN charge fired at 306 G, provided a comparable

value of m, for which the cratering efficiency o the non-dimensional crater

A

radius, 7 and the non-dimensional crater depth, Ths all compare favorably with

those obg;ined for shots 11-X and 11-0, The slightly larger values of the
dependent variables associated with shot 13-0 are consistent wiith the lesser
value of " 7.19E-6, as opposed to 7.541-h, for the shots 11-0 and 11-X.
These results indicate that, to well within experimental scatter, similarity was

achieved.
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4-3 SCALING RULES

The set of dimensionless 7-groups provides a basis for comparing
various high-G and 1-G results at differing energy levels. As the previous
analysis shows, experiments at a constant "5 give the same value of the crater
dependent groups, 7 , 7 and m . Thus a single experiment at a given =,
furnishes a scaling rule for all similar experiments. However, it furnishes no
information on nonsimilar experiments, such as varying energy and hence size at
fixed gravity. These scaling rules are discovered experimentally by varying 7,

in a series of experiments.

Figures 3, 4, and 5 show each of the dependent groups " p and s

respectively, versus 7, for all shots included in Table 4. As can be seen, all
the results can be adequately represented by a power law fit, such as the

following for cratering efficiency 7 :

a -
g = kV = ¢const (71)

and for crater radius,

b= k,. = const (72)

- - {
Ty = k, = const 173)
These then are the forn of the function Cg;as given in (65).

Fxpanding eq. 71 using the definition of the v-groups qives the

explicit form for crater volume:

RO

where, from the experimental results, a least squares, straight line fit qgives
the following values for the constants, where the uncertainty shown for the

exponent 2 is the standard error of estimate (h3% confidence):
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1/3+-0.472 £ 0.005
V = (0.194%0.014) (%){% (%) }

Likewise, from the hest fit for the crater radius,

37-0.159+0.003
AN
r= (0.765:0.030) (%) [q(

and the best fit for the crater depth,

1/3 1/3 4 -0.164 £0.004
h=(o.154xo.009)(1"5> [%(%) J

(74.2)

(76)

The dependence of the crater dimensions in Ottawa sand on all of the independent

variables is given by these expressions.

The so-called yield exponents, the power dependence on the charge mass

with all other variables fixed, are determined for Ottawa sand from these

results and shown with uncertainties corresponding to one standard error:

(1-a/3)
Ve . 0.842£0.002

(1-£)/3 _ ,0.280+0.001

ro W W

ha w1-Y)/3 . 0.279£0.002

1f «, 8 and ¥ had all come out to be zern, then the familiar cube root scaling

would be applicable. In general, this is not the case. These exponents can be

considered to be material properties.
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Alternatively, cansider fixed charge size and type at varying qravity,
Then eqs. 74, 75 and 76 reduce to

Va g® . g-0.472£0.005 (30)
roa g o g70.159%0.002 (31)
he g°Y - g70-164%0.004 (22)

giving the gravity dependence at fixed charge size. This clearly supports the
contention of the previous analyses that *he dependence of crater formation upon
charge size can be determined by experiments using fixed charge size but varying
g. The shot 10-X at 463 G using 1.70 gm of lead azide directly simulates a
169-ton mass of lead azide at 1 G or a mass of 2.86 kilotons of TNT at 1 G.

[t should be noted that the variable " is different for some of the
tests plotted in Figqures 3, 4, and 5. However, the experimental results
indicate that T T and ™ do not depend upon this parameter. All points fall
on the same straight line when plotted versus 7, , with no systematic variation
for various Ty The dependence of the variOué physical parameters actually

varied in this series of experiments is accounted for solely by those occurring

in Toe

In summary, eqs. 74, 75 and 76 are referred to as scaling rules for
dynamically nonsimilar experiments. They are functional +relationships for
arbitrary values of " and hence for arbitrary size experiments, Such

relationships are expected to have different functional forms for Jdifferent soil
materials. These scaling rules should not be confused with scaling relation-
ships based upon dynamically similar experiments where size is varied while
holding the value of Ty, as well as other pertinent n-qroups, constant, In the
lTatter case, all the geowetrical features are identical, differing only as the
size scale factor L In the former, qeometric shape variations are expected

and qenerally are the case as 7, is varied.
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The important observation for all three crater-size parameters shown in
Figs. 3, 4, and 5 is that the slope of the line determined by varing charge size
at constant 1-G conditions is in excellent agreement with the slope of the line
determined by varying gravity for identical charges. This provides a very
convincing argument that large yield can be simulated with small charges at
elevated gravity. Furthermore, it confirms the use of m, as the sole parameter
to correlate the effects of gravity and charge size and type on the soveral
forms Tys Ty and T of the dependent parameters. The parameter g for depth of
burial was held constant and equal to zero. No data were obtained on the
variation with respect to this parameter.

The non-dimensional form of the gravity-scaled yield parameter m, very
adequately accounts for the large differences in the properties of the various
explosives. For the composite PETN charges, the mass-averaged values given by
eqs. h6 and 67 were used for specific energy Q and for charge density s. As can
be seen in Table 2, the lead-azide properties and the PETN properties differ by
a factor of 4 on specific energy and a factor of 2 on charge density. The
various values for the four different explosive charge types used cover the
entire range encountered for common chemical high explosives. The dénsity
parameter m, was varied by a factor of 2, but no dependence on this variation
was detected.

This result, based upon the utility of the T, parameter, provides a
basis for the definition of an equivalent charge, thereby relaxing the
similarity requirement qiven by eq. 45.5—that the same explosive type s
necessary for similar experiments in the same soil. This has a particular
significance for large-scale simulation using the centrifuge. In general, the
large charges used in the field consist of secondary, explosives which are
initiated using negligible amounts of primary explosives. In scaling down to
laboratory size, the amount of primary necessary for initiation becomes
significant in relation to the amount of secondary changing the overall
explosive properties, as is illustrated in Table 2. On the basis of the above
results, a small-scale equivalent charge of 3 different type can be desiqned to

simulate the large prototype explosive.
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SECTION &
JOHNTE BOY SIMULATION

Stx high-% shots were nerformed in this series. The first pair (Ib-X,
15-0) confirmed the reproducibility of centrifuge results in KAFB alluviwi,
However, in spite of only 6% variation in crater volume, considerable subsidence
nf the ground zero surface indicated that the sample fabrication technique was
inidequate. The second pair of shots (17-X, 17-0) using an improved sauple
preparation method as Adiscussed in Section 3-3 indicated that the KAFB alluvium
satisfied the constant ﬂ2 test of Section 4-2 confirmina the applicability of
centrifuge scaling methods. The final two shots (13-X, 13-0) were used to

provide a simulation of the JOMNIE ROY 500-ton event.

Seven 1-G control shots were made by Piekutowskizm to provide
ardditional Adata expanding the range of the qravity-scaled vield parameter, ”2.
The results of both the 1-G data and the high-G centrifuge data are summarized
in Tahle 6. DNetailed records of the six high-6 shots are contained in Anpendix
A: Tables A7 through A9 and Figs. A7 through A9. The 1-G shot records are 1in

Anpendix R: Tables B5 through B7 and Figs. B5 through R7.
5-1 KAFR ALLUVIUM SCALING RULES

Results shown in Figs. A, 7, and 8 based upon the limited data
qenerated for the surface burst KAFB alluvium behavior must be considered
preliminary,  0Of the six hiah-6 shots only two are shown (17-¥ and 1/-0),  The
crater shapes determined for 16-X and 16-0 were based upon an assumed ground
zero plane which subsided 0.3 cm during firing. Shots 17-X and 12-0 were
performed at finite depth of burial, The seven 1-05 shots showed considerable
scatter indicating possible non-uniform sample prenaration  as  Adiscussed  in
Section 3-3. Further tests should be conducted on <samples prepared in the
centrifuge and fired at low "? to see if scattor can be reduced.

A Teast squares straight-lTine fit to the data indicates that *the slope
is considerahly Tess than that determined for Ottawa sand in ‘he woevious

sectinn, In addition to this lesser slope, the craters are smaller than thear
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Ottawa sand counterparts. For o = 3.0E-8 (approximately 1-G conditions) there
is exactly an order of magnitude difference in cratering efficiency between the
two soils as shown by comparing Figs. 3 and 6; whereas for Ty = 2.0E-5, the
cratering efficiencies are equal. Extrapolating to values of "o greater than
this gives larger cratering efficiency in the KAFB alluvium than in the Ottawa
sand. However, these observations need to be confirmed by additional centrifuqe
shots to fill in the range of "2 between 1.0E-~7 and 1.0E-5 as well as for values
greater than 1.0E-5.

5-2 NUCLEAR-PETN EQUIVALENCE

[t was shown in Section 2-2 that centrifuge experiments rigorously
satisfy similiarity requirements only when performed using identical soil
material and the same explosive type. As a practical matter the above test
results show that the requirement for the use of an identical explosive can be
relaxed to the use of an equivalent explosive charge. This was demonstrated in
Section 4-3 where the effects due to different charge properties were accounted
for by the ", parameter.

To perform a centrifuge simulation of the JOHNIE BOY nuclear event, an
equivalent high explosive charge was determineu. This task was performed by
R. T. Allen of PacTech under separate contract to the Defense Nuclear Agency.
A]]enlo devised a hypothetical full scale equivalent PETN charge size based upon
the so-called MINE THROW technique.7’R He claimed a suitable equivalence based
upon two criteria. The first was to match the kinetic energy transferred into
the ground beyond a ranqge of 3A0 centimeters. The second was to reproduce the

shape of the flow field using a suitable depth of burial for the equivalent PETN
charge.

The energy coupling is essentially complete after the first fow
milliseconds and hence can be conveniently calculated using a finite difference
wave propagation code. The standard for the actual JOHNIE BOY event was the
nuclear calculation performed by Maxwell et al.9 Allen’'s results indicated that
the hypothetical full scale charge would be a PETN sphere of radius 138 cm
buried at a depth of 120 cm. This corresponds to a PETN mass of 49.3 melric
tons (49.3FA gm) with a total energy release of 2.80E18 erg. This gives a
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nuclear equivalence factor of 13.4% based upon the JOHNIE BOY nominal energy
release of 500 metric tons of TNT nuclear equivalent (2.095£19 erg).

The calculated energy partitioning for the JOHNIE BOY event is shown in
Fig. 9 along with Allen's results for the coupled kinetic energy due to the 49.3
ton PETN sphere. The best equivalent depth of burial (120 cm) based on these
calculations produced a flow field characterized by the motion of the reference
hemispherical surface initially located at a radius of 360 cm. Its motion at
3.6 msec is shown in Fig. 10 along with an identical reference surface from the
JOHNIE BQY calculation for comparison.

Allen chose a test condition of 345 G based upon eq. 69 using an

explosive charge size of 1.2 gm PETN. That is

g = [i?_gﬁ] 3. 345, (83)

Therefore the charge was to be buried at

3%5 {120 cm) = 0.348 cm. (84)

A second shot was fired on the same centrifuge run as a backup. For this it was
decided to increase the actual depth of burial to approximately 1.5 times the
charge radius or 0.845 cn. This was to provide a determination of the
sensitivity of flow-field equivalence to depth of burial and to bracket the
desired result. The resuts of these charge equivalence calculations were
presented at a program review meeting]] prior to the selection of the actual

alluvium soil material which was eventually used for the simulation experiments.
5-3 EVALUATION OF RESULTS

The results of the centrifuge simulation are scaled to full size using
the similarity relationship given by eq. 45.2 as g]L] = 92L2' These are
compared directly to the actual JOHNIE BOY crater profi]eB as shown in Fiq. 11,
With the exception of the aspect ratio, the two shots 18-0 and 18-X bracket the
JOHNIE BOY crater volume, radius, and depth as anticipated. The aspect ratro

was slightly larger in both cases. As shown in Fig. 12, the results ot the
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centrifuge simulation appear to be equally as good as those from the MINE THROW
evont.8 a full-scale, high-explosive field event which used 120 tons of ANFO to
simulate the JOHNIE BOY crater. It is important to note that the ANFO charge
was not spherical, but contoured to match the JOHNIE BOY pressure history at a

specific isobaric contour.

The centrifuge simulation of a shallow buried nuclear event was
complicated by the necessity to first devise a chemical explosive equivalence.
Therefore, this was done as objectively as possible by an independent
calculation. The results of this calculation represented the design of a
full-scale simulation of JNOHNIE BOY using the 49.3-ton sphere of PETN. It was
this hypothetical event that was simulated at small scale in the centrifuge.
I[ncertainties in the nuclear equivalence could be responsible for any
discrepancies in shape.

Another aspect of the simulation that needs to be considered as a
possible source of volume discrepancy is the requirement for reconstituting a
soil sample in the centrifuge that reproduces the average in situ properties for
the JOHNIE BOY site. JOHNIE BOY site soil density was reported to be 1.35 gm/cc
based upon measurements using the sand displacement method in a test pit?1 The
moisture content at the 2.5 foot depth was 3%.21 Attempts to reproduce this
reported value for density with the KAFB alluvium test sanples were not
successful; the largest attained was on the order of 1.60 gmn/cc, a value more
typical of desert alluvium. The moisture content of the centrifuge soil sample

was 4.1%.

The 1?0% difference in crater volume for the two shots is well within

. L . o . 22 .
the combined uncertainties in the definition of the JOHNIL BOY shot, the Hi-
equivalence determination, and the experimental accuracy.

A significant shape difference between the actual JOUNID BOY crater and
the centrifuge craters is due to the change in slope halfway up the crater will
for the latter. This not only leads to a sliqghtly larger radius, but it 15 also

noteworthy tha* the 1ip height is less for the centrifuqe craters,
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Three factors could contribute to these shape differences. A spherical
chemical charge might not adequately model the late time low pressure expansion
of the JOHNIE BOY event. Another possibility is that the model soil did not
possess the same cohesion near the surface as the prototype soil. A third
possibility is that there may have been more compaction of the model soil near
the crater attributable to lower initial density than that reported for the
prototype.

It is interesting to note that the surface burst shots {centrifuge runs
16 and 17) also exhibited the discontinuity in slope which can be seen quite
prominently in the photographs given in Fig. A7 through A9, The UDRT 1-6
control shots in KAFB alluvium (also surface burst) exhibited a shelf at
approximately the same depth, as can be seen in Fiq. B5 through 37, and the lip
heights were even less than those from the centrifuge experiments.

Considering these potential sources of observed discrepancies, the
agreement of the two centrifuge shots with the actual JOHNIE BOY crater as shown
by Fig. 11 is very satisfactory. These results strongly support the theoretical
premise derived in Section 2 that small-yield shallow-buried nuclear cratering
events can be simulated at small scale in the laboratory using conventional

explosives in a centrifuge.
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SECTION 6
CONCLUSTONS

A similarity analysis was performed for explosive cratering phenomena
using the balance equations and the jump eguations of continuum mechanics
in their general form, Specific constraints on centrifuge modeling
brought about by various types of constitutive equations representing
material behavior were identified separately. These results show that non-
trivial dynamic similarity can be achieved wusing a centrifuge with
arbitrary scaling of size, density and time. Furthermore, complete and
exact dynamic similarity can be obtained between two different experiments
of arbitrary size scale in the same material as long as the constitutive

behavior is rate independent and has no inherent size properties.

A scaling rule for surface bursts in dry Ottawa sand was developed based
upon high-G experiments, which was in excellent agreement with the large
body of 1-G work performed by Pipkutowskiﬁ- The crater volume depends
upon the charge mass or energy (holding all other variables fixed) to the
0.842 + 0.002 power, the crater radius to the 0.280 + 0.001 power, and the
crater depth to the 0,279 + 0.002 power for charge mass well 1into the

kiloton range.

The obseivation for all three crater-size parameters shown in Figs. 3, 4,
and 5 is that the slope of the line determined by varying charge size at
constant 1-G conditions is in excellent agreement with the slope of the
line determined by varying gravity for identical charges. This result
provides convincing evidence that large yield craters can be simulated
with small charges at elevated gravity.

N non-dimensional gravity-scaled yield parameter, n, o= q/n (W/ﬁ)]/3, based
upon explosive properties and qravity, gave quantitative aqreement with
four different composite chemical explosives over 4 range of gravity
between 1 6 and 451 G. The various material properties for the difference
charqge types used covers the entire range encountered for common chemical
high explosives. This provides a basis for the definition of an
equivalent charqge, It further sugqests the pnssibility that a
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(7)

nuclear-high- explosive equivalence can be determined directly using
centrifuge experiments in conjunction with available data for nuclear

craters.

Preliminary results for experiments performed using XAFB alluvium
indicate that the yield dependence is considerably different than that for
dry Ottawa sand. This scaling behavior needs to be characterized by
additional centrifuge experiments,

A subscale simulation of the full-scale 500-ton JOHNIE BOY crater was
satisfactorily achieved using the centrifuge test method. A nuclear-PETN

10

charge equivalence was calculated to provide a hypothetical full-scale

equivalent PETN spherical center-initiated charge configuration which was
then simulated at subscale on the centrifuge. Two centrifuge shots
bracketed the desired result. The experimental agreement between model
and prototype for the size of the apparent crater were within +17% and
-22% on volume, +13% and -1% on radius, +2% and -16% on depth, and +19%
and +11% on aspect ratio.

The centrifuge proved to be an effective tool for modeling explosive
cratering phenomena in dry granular soils. No measurable Coriolis effects
were observed. Fxperimental reproducibility was within +4% on volume and
+2% on both radius and depth. Centrifuging the soil samples prior fo test
provides an effective way to reconstitute in situ material properties in a

reproducible manner.

77




1.

12.

SECTION 7
REFERENCES

Scott, R. F. and N. R. Morgan, "Feasibility and Desirability of Construct-
ing a Very Large Centrifuge for Geotechnical Studies," NSF Report 760-1/0
prepared under Grant ENG 75-13871, National Science Foundation, Washington,
N. C., March 31, 1977, (See Bibliography which contains 151 pertinent
references.,) ‘

Pokrovsky, A.1. and 1. S. Fyodorov, Centrifugal Model Testing in fhe
Construction Indus*ry, Volumes [ and 11, "Niedra"™ Publishing House, Moscow,
7370, {(Drafr TransTation prepared hy Building Research Establishment
Library Tranglation Service, Great Britain, August 1975.)

Viktorov, V. V. wnd R. . Stepenov, "Modeling of the Action of an Fxplosion
with Concentrated Charge in Homogeneous Ground," Inzh. Sb, 28, 87-96, 19610,
(Translation: Sindia Peport SCL-T-392, Albuquerque, NM 37115, 1969.)

Schmidt, R, M., "N Centrifuge Cratering Experiment: Development of 2
Gravity Scaled Yield Parameter,” in Impact and Explosion Cratering (0. 1.
Roddy, R. 0. Pepin and R, B. Merrill, eds.) Pergamon Press, New York,
1977.

Piekutowski, A. J., “Laboratory-Scale High-fxplosive Cratering and [iecta
Phenomenology Studies." AFWL-TR-72-155, Air Force MWeapons Laboratory,
Albuqueraque, NM, Anril 1974,

Piekutowski, A. J., "A Comparison of Cratering Effects for Lead Azide and
PETN Ixplosive Charges," AFWL-TR-74-182, Air Force Weapons Laboratory,
Albuquerque, NM, May 1975,

Mckay, M. at al., "Development and Preliminary Tests nof a (ratering and
Ground Motion Simulation Technique,” Defense Nuclear Agency Report DRA
3262F, Washington, D.C., Febr. 1974,

Stubbs, T. F., et al., "MINE THROW I--A Cratering and Ground Motion
Simulation Technique," Defense Nuclear Agency Report DNA 33a5F ) Washington,
n.C., July 19/4.

Maxwell, N., et al., “JOHNIE BOY Crater Calculations.” Defense “uclear
Agency Report. DNA 3043F, Washington, D.C., April 1973,

Mlen, R, T. and t. S. Gaffney, "Centrifuge Simulation of large Yield
Cratering Events,” Final Report Defense Nuclear Agency Contract DNA
0N1-77-C-N114, Washinqgton, D.C., Nec. 1977,

Allen, R. T., 0Oral presentation, Centrifuge Dxperiment. Program Roview
Moeting, DMA Hdas., Mexandria, VA, 21 Sept, 1977,

Crowley, B. ¥., Scaling Criteria for Rock Dynamic Pxperiments Synposias on
Fngineering with Nuclear bxplosives, Vol. 1, n, 545-5590 The  aerican
Nuclear Sacioty and the !nited States Atomic Unergy Commission, Las Vedqgas,

NV, 1970,

78




14,

15.

16,

17.

18,

20.

21.

Killian, B. G. and Germain, L. S., Scaling of Cratering Experiments - an
Analytical and Heuristic Approach to the Phenomenology, Impact and
Explosion Cratering, p. 1165-1190 (D. J. Roddy, R. 0., Pepin and R. B.

Merrill, eds.) Pergamon Press, New York, 1977.

Truesdell, €. and R, Toupin, "The Classical Field Theories," Handbuch der
Physik, edited by S. Flugge, Springer-Verlag, Berlin, 1960, vVol. TIT/T. -

Langhaar, H. L., Dimensional Analysis and Theory of Models, John Wiley &
Sons, Inc., New York, T1957.

Serrin, J., "Mathematical Principles of Classical Fluid Mechanics.”
Handbuch der Physik, edited by S. Flugge, Springer-Verlag, Beriin, 1959,
VoT. TTT/T, p. 243,

Oswatitsch, K., Physikalische Grundlagen der Stromungslehre, HYandbuch der
Physik, Vol. VIII/1, p. 60, edited by S. Flugge, Springer Verlag, 1950,

Truesdell, . and W. Noll, “The Non-Linear Field Theories of ™echanics,”
Handbuch der Physik, edited by S. Flugge, Springer-Verlag, Berlin, 195,
Vol. TT11/3, n. 1.

Piekutowski, A. J., Personal Communication, May 1977.

Piekutowski, A. J., Personal Communication, Dec. 1977.

Goode, T. B. and A. L. Mathews: "Soils Survey"; Project 1.11, Operation
Sun Beam, POR-2285, U.S. Army Waterways Experiment Station, Vicksburg, ™S,
March 1963,

Pinkston, J. M., JIr., "Earth Motion Measurements.," Project 1.7, Onpratinn

Sun Beam, POR-2231, U. S. Army Waterways Experiment Station, Vicksburg, ™S,
NDec. 1963,

79

DR WU Ve

N

DRI Y

PPV W

y!
¢
!




APPENDIX A
CENTRIFUGE SHOT RECORDS

This section contains all the data for the elevated gravity centrifuge
experiments. A table is given for each run which includes the test conditions ‘
for the two shots performed at the opposing rotor ends. Following each table is ?
a figure which contains a comparison plot for the two craters as well as a set )
of stereo pairs for each and other documentary photographs. Run 14 was a 4
demonstration shot using modeling clay and although the results were not

discussed in this report it was included for future referennce. R

FRECEDING PAGE BLANK-NOT F1.iED
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Table Al.

SHOT NUMBER
DATE
PURPOSE

CHARGE DESCRIPTION
CHARGE WT. (gm)
CHARGE RADIUS (cm)
CHARGE CONFIGURATION

TEST BED MATERIAL

Ottawa sand centrifuge cratering data.

10-X
9 Aug. 77
charge comparison

CILAS-13 (B-1)
1.7000 PbNg
.508
half-buried sphere

Ottawa Sawing Sand

TEST BED DENSITY (gm/cc) 1.774
MOISTURE CONTENT nom 0
TEST BED GEOMETRY homogeneous
CENTRIFUGE SPEED (rpm) 576
GROUND ZERO RADIUS (cm) 125
CENTRIFUGAL ACCELERATION (G's) 463
CRATER DIAMETER (cm) 7.74
CRATER RADIUS (cm) 3.87
MAX CRATER DEPTH (cm) .89
CRATER ASPECT RATIO (r/h) 4.35
CRATER VOLUME (cc) 27.05
LIP DIAMETER (cm) 10.16
LIP HEIGHT (cm) .29

LIP VOLUME (cc)

MEAN CRATER PROFILE
RANGE (cm)

TPhwwwwrnn ——=0O
(2]
(@)

10-0
9 Aug. 77
charge comparison

CI1CS-5 (B-1)
.125 AgN3/.3601 PETN
.397
half-buried sphere

Ottawa Sawing Sand
1.781
nom 0
homogeneous

576
125
463

AVERAGE OF 4 RADIALS FOR EACH CRATER

DEPTH (cm)

0.775
0.883
0.892
0.845
0.667
0.451
0.108
0.000

-0.288

82

DEPTH_ (cm)

0.673
0.705
0.711
0.660
0.470
0.159
0.000

-0.245
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Figure A1,

(Continued, crater 10-X).
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Figure Al. (Continued, crater 10-0).
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Table A2. Ottawa sand centrifuge cratering data.

SHOT NUMBER
DATE
PURPQSE

CHARGE DESCRIPTION
CHARGE WT. (gm)
CHARGE RADIUS (cm)
CHARGE CONFIGURATION

TEST BED MATERIAL
TEST BED DENSITY (gm/cc)
MOISTURE CONTENT
TEST BED GEOMETRY

CENTRIFUGE SPEED (rpm)
GROUND ZERO RADIUS (cm)
CENTRIFUGAL ACCELERATION (G's)

CRATER DIAMETER (cm)
CRATER RADIUS (cm)

MAX CRATER DEPTH (cm)
CRATER ASPECT RATIO (r/h)
CRATER VOLUME (cc)

LIP DIAMETER {cm)

LIP HEIGHT (cm)

LIP VOLUME (cc)

MEAN CRATER PROFILE
RANGE (cm)

SO EPWWN——OO
nd
co

11-X
18 Aug. 77
reproducibility

CICS-1.265 (B-1)

.125 AgN3/1.2302 PETN .125 AgN3/1.2248 PETN

.565
half-buried sphere

Ottawa Flintshot
1.776
nom 0%
homogeneous

568
125
451

AVERAGE OF 4 RADIALS FOR EACH CRATER

DEPTH (cm)

.991
.908
.775
.819
.794
.654
.394
.000

-0.330

OO0 OOoCOO
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11-0 J
18 Aug. 77
reproducibility

CICS-1.265 (B-2)

.565
half-buried sphere

Ottawa Flintshot
1.781
nom 0%
homogeneous t

e —— e e i e —

568
125 [
451 =

!
I
8.62 &
4.31 |
.97
4.44 |
37.95 :
11.68 1
.33 !

DEPTH (cm)

.927
.965
.902
.927
.895 |
.705
.394 ﬁ

0.000 \
-0.330 H

OO OO O0O O
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Figure A2. Comparison of crater 11-X (above) with crater 11-0 (below).
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Figure A2, (Continued, crater 11-X).
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Table A3. Ottawa sand centrifuge cratering data.

SHOT NUMBER 12-X 12-0
DATE 26 Aug. 77 26 Aug. 77
PURPOSE Particle Size Particle Size
CHARGE DESCRIPTION CICS-4 (B-2) CICS-4 (B-1)
CHARGE WT. {(gm) .125 AgN3/3.9441 PETN .125 AgN3/3.9600 PETN
CHARGE RADIUS (cm) .826 .826
CHARGE CONFIGURATION half-buried sphere half-buried sphere
TEST BED MATERIAL Ottawa Banding Sand Ottawa Flintshot
TEST BED DENSITY (gm/cc) 1.677 1.778
MOISTURE CONTENT nom 07 nom Q“
TEST BED GEOMETRY homogeneous homogeneous
CENTRIFUGE SPEED (rpm) 568 568
GROUND ZERO RADIUS (cm) 125 125
CENTRIFUGAL ACCELERATION (G's) 451 451
CRATER DIAMETER (cm) 12.66 12.82
CRATER RADIUS (cm) 6.33 6.41
MAX CRATER DEPTH (cm) 1.28 1.31
CRATER ASPECT RATIO (r/h) 4.95 4.89
CRATER VOLUME (cc) 96.32 101.45
LIP DIAMETER (cm) 16.00 16.00
LIP HEIGHT (cm) .43 .44
LIP VOLUME (cc) 65.18 72.19
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)

0.0 1.041 1.283

0.64 1.19] 1.280

1.27 1.251 1.283

1.91 1.172 1.235

2.54 1.194 1.19]

3.18 1.114 1.159

3.81 1.047 1.070

4.45 0.873 0.918

5.08 0.641 N.667

5.72 0.327 0. 368

6.35 -0.013 0.0

6.99 -0.783 -N.738

7.62 -0.4?25 -0.406

8.26 -0.410 -0.438

8.8 -0.307 -0.7337

9.53 -0.200 -0.7260

10.16 -0.149 -0

10.80 -0.0R9 -0.127
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Figure A3, {Continued, crater 12-X).
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Figure A3, (Continued, crater 12-0).
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Table A4. Ottawa sand centrifuge cratering data.

SHOT NUMBER 13-X 13-0
DATE 31 Aug. 77 31 Aug. 77
PURPOSE particle size o test
CHARGE DESCRIPTION CICS-4 (B-3) Ci1CS-4 (B-4)
CHARGE WT. (gm) .125 AgN3/3.9477 PETN .125 AgN3/3.9491 PETN
CHARGE RADIUS (cm) .826 .826
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL Ottawa Banding Sand Ottawa Flintshot
TEST BED DENSITY (gm/cc) 1.677 1.782
MOISTURE CONTENT nom 0. nom Q¢
TEST BED GEOMETRY homogeneous homogeneous
CENTRIFUGE SPEED (rpm) 468 468
GROUND ZERO RADIUS (cm) 125 125
CENTRIFUGAL ACCELERATION (G's) 306 306
CRATER DIAMETER (cm) 13.30 13.76
CRATER RADIUS (cm) 6.65 6.88
MAX CRATER DEPTH (cm) 1.56 1.37
CRATER ASPECT RATIO (r/h) 4.26 5.02
CRATER VOLUME (cc) 119.30 125.57
LIP DIAMETER (cm) 17.20 16.40
LIP HEIGHT (cm) .44 .44
LIP VOLUME (cc) 65.47 71.54
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)

0.0 1.562 0.978

0.64 1.467 1.222

1.27 1.394 1.340

1.91 1.359 1.368

2.54 1.356 1.330

3.18 1.299 1.276

3.81 1.191 1.235

4.45 1.038 1.114

5.08 0.819 0.876

5.72 0.498 0.575

6.35 0.143 0.260

6.99 -0.156 -0.051

7.62 -0.362 -0.292

8.26 -0.419 -0.400

2.8 -0.359 -0.416

9.53 -0.254 -0. 346

10.16 -0.18 -0.251

10.80 -0.130 -N.16%
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Figure

A4,

{Continued, crater 13-X).




Figure A4,

(Continued, crater 13-0).
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Table A5. "Permaplast" clay centrifuge cratering data.

SHOT NUMBER
DATE
PURPOSE

CHARGE DESCRIPTION
CHARGE WT. (gm)
CHARGE RADIUS (cm)
CHARGE CONFIGURATION

TEST BED MATERIAL
TEST BED DENSITY (gm/cc)
MOISTURE CONTENT
TEST BED GEOMETRY

CENTRIFUGE SPEED (rpm)
GROUND ZERO RADIUS (cm)
CENTRIFUGAL ACCELERATION (G's)

CRATER DIAMETER (cm)
CRATER RADIUS (cm)

CRATER DEPTH (cm)

CRATER ASPECT RATIO (r/h)
CRATER VOLUME (cc)

LIP DIAMETER (cm)

LIP HEIGHT (cm)

LIP VOLUME (cc)

MEAN CRATER PROFILE
RANGE (cm)

OWVWWOWONNOODMELELWWN—=00
A EHEBOONOAOEBONOOBONNO

et

14-X
19 Sept. 77
mp test

CICS-4 (B-5)
.125 AgN3/3.9401 PETN
.826
half buried sphere

"Permaplast” Clay
1.53

homogeneous

an
124.5
309

11.8
5.91
4.23
1.40

244,

14.4
1.22

79.3

14-0
19 Sept. 77
mp test

CICS-1.265 (B-3)
.125 AgN3/1.2281 PETN
.565
half buried sphere

"Permaplast" Clay
1.53

homogeneous

571
124.5
454

8.34
4.17
2.59
1.61
75.4 (+3)
10.1

.90
35.0

AVERAGE OF 4 RADIALS FOR EACH CRATER

DEPTH (cm)

.231
.986
.942
.826
.575
.196
.948
. 366
.590
.800
.136
.829
.223
.859
.212
.008
.022
.033

[
OO0 OOO—OCOO—~NMNWWWWILN

DEPTH (cm)

2.594
2.526
2.397
2.226
1.923
1.440
0.774
-0.045
-0.749
-0.824
-0.430
-0.046
-0.049
-0.059
-0.061
-0.063
-0.065
-0.075
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Figure A5, (Continued, crater 14-X).
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Table A6. Ottawa sand centrifuge cratering data.

ey e e

SHOT NUMBER 15-X 15-0
DATE 14 Oct. 77 14 Oct. 77
PURPOQSE scaling/reproducibility scaling/reproducibility
CHARGE DESCRIPTION CICS-5 (B-3) CICS-5 (B-4) :
CHARGE WT. (gm) .125 AgN3/.3591 PETN .125 AgN3/.3598 PETN :
CHARGE RADIUS {cm) -390 .390 b
CHARGE CONFIGURATION half buried sphere half buried sphere ¥
TEST BED MATERIAL Ottawa Flintshot Ottawa Flintshot .
TEST BED DENSITY (gm/cc) 1.784 1.784 H
MOISTURE CONTENT nom 0% nom 0% :
k TEST BED GEOMETRY homogeneous homogeneous g
| .
; CENTRIFUGE SPEED (rpm) 84.6 84.6 ,
GROUND ZERO RADIUS (cm) 125 125 ;
CENTRIFUGAL ACCELERATION (G's) 10 10 :
CRATER DIAMETER (cm) 12.80 12.80 ;
CRATER RADIUS (cm) 6.40 6.40 ;
MAX CRATER DEPTH (cm) 1.26 1.27 ;
CRATER ASPECT RATIO (r/h) 5.08 5.04 i
CRATER VOLUME (cc) 94.77 95.18 :
LIP DIAMETER (cm) 15.60+ 15.60+ d
LIP HEIGHT (cm) .35 .33 :
LIP VOLUME (cc) 85.66 78.87
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER é
RANGE (cm) DEPTH (cm) DEPTH (cm) i
0.0 1.045 1.130 ;
0.6 1.089 1.122 ?
1.2 1.189 1.206
1.8 1.239 1.236
2.4 1.261 1.267
3.0 1.221 1.222
3.6 1.107 1.107 : '
4.2 0.933 0.918
4.8 0.689 0.686
5.4 0.412 0.421
6.0 0.148 0.147
6.6 -0.075 -0.074
3 7.2 -0.259 -0.252
i 7.8 -0.351 -0.326
8.4 -0.348 -0.320
‘ 9.0 -0.300 -0.294
F 9.6 -0.232 -0.217
10.2 -0.169 -0.162
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Comparison of crater 15-X (above) with crater 15-0 (below).

Figure A6.
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Figure A6.

(Continued, crater 15-X).
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Figure A6. (Continued, crater 15-0).
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Table A7. KAFB alluvium centrifuge cratering data.

SHOT NUMBER 16-X 16-0

DATE 3 Nov. 77 3 Nov. 77
PURPQSE reproducibility reproducibility
CHARGE DESCRIPTION CICS-1.265 (B-9) CICS-1.265 (B-11)
CHARGE WT. (gm) .125 AgN3/1.2295 PETN .125 AgN3/1.2353 PETN
CHARGE RADIUS (cm) .565 .565

CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL KAFB Desert Alluvium KAFB Desert Alluvium
TEST BED DENSITY (gm/cc) 1.449 1.429
MOISTURE CONTENT 4.1% 4.1%

H TEST BED GEOMETRY homogeneous homogeneous
CENTRIFUGE SPEED (rpm) 568 568
GROUND ZERO RADIUS (cm) 125 125
CENTRIFUGAL ACCELERATION (G's) 451 451
CRATER DIAMETER (cm) 9.40 9.56
CRATER RADIUS (cm) 4.70 4.78
MAX CRATER DEPTH (cm) 1.91 2.08
CRATER ASPECT RATIO (r/h) 2.46 2.30
CRATER VOLUME (cc) 48.11 50.95
LIP DIAMETER (cm) 10.80 10.80
LIP HEIGHT (cm) .18 .15
LIP VOLUME (cc) -- --

MEAN CRATER PROFILE AVERAGE OF 4 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)
0.0 1.908 2.075
0.6 1.942 2.037
1.2 1.862 1.861
1.8 1.550 1.512
2.4 0.898 0.980
3.0 0.681 0.669
3.6 0.434 0.487
4.2 0.173 0.223
4.8 -0.035 0.008
5.4 -0.179 -0.144
6.0 -0.142 -0.108
6.6 -0.067 -0.029
7.2 -0.027 ~-0.008
7.8 -0.013 0.000
8.4 -0.012 0.006
9.0 -0.013 0.000
9.6 -0.013 0.003
10.2 -0.010 -0.004

106




- . :
il LI aringuey st B S b, A

i ok B

IS orm A0 ~ s, -

ik 2o 0

1}

{(w3) H1d3a

10

RADIAL POSITION (cm)

Nt 2oy A

et ot e

Comparison of crater 16-X (above) witk srater 16-0 (below).

Figure A7.

107




e N

~ ¥

Figure A7, (Continued, crater 16-X).
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Figure A7,

(Continued, crater 16-0).




Table A8. KAFB alluvium centrifuge cratering data.

SHOT NUMBER 17-X 17-0
DATE 18 Nov. 77 18 Nov. 77
PURPOSE mp test 1o test
CHARGE DESCRIPTION CICS-1.265 (B-15) CICS-4 (B-11)
CHARGE WT. (gm) .125 AgN3/1.2281 PETN .125 AgN3/3.9395 PETN
CHARGE RADIUS (cm) .565 .826
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL KAFB AlTuvium KAFB Alluvium
TEST BED DENSITY (gm/cc) 1.607 1.609
MOISTURE CONTENT 2.65% 2.65%
TEST BED GEOMETRY homogeneous homogeneous
CENTRIFUGE SPEED (rpm) 568 468
GROUND ZERO RADIUS (cm) 125 125
CENTRIFUGAL ACCELERATION (G's) 45] 306
CRATER DIAMETER (cm) 8.44 12.45
CRATER RADIUS (cm) 4.22 6.23
MAX CRATER DEPTH (cm) 1.35 1.97
CRATER ASPECT RATIO (r/h) 3.13 3.16
CRATER VOLUME (cc) 30.23 96.50
LIP DIAMETER (cm) 10.60 15.00
LIP HEIGHT {cm) .26 .33
LIP VOLUME (cc) 21.34 63.25
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)
0 1.227 1.986
.6 1.355 1.937

1.2 1.342 1.947

1.8 0.917 1.797

2.4 0.613 1.547

3.0 0.488 1.183

3.6 0.263 0.954

4.2 0.013 0.781 ?

4.8 -0.201 0.578

5.4 -0.250 0.335

6.0 -0.161 0.090

6.6 -0.094 -0.139 J

7.2 -0.060 -0.315 :

7.8 -0.042 -0.339

8.4 -0.025 -0.274

9.0 -0.016 -0.209

9.6 -0.009 -0.155

10.2 -0.008 -0.113




Comparison of crater 17-X (above) with crater 17-0 (below).

Figure A8.
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(Continued, crater 17-X),

Figure A8,
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Figure AS8.

(Continued, crater 17-0).
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Table A9. KAFB alluvium centrifuge cratering data.
SHOT NUMBER 18-X 18-0
DATE 2 Dec. 77 2 Dec. 77

PURPOSE

CHARGE DESCRIPTION CICS-1.265 (B-17)
CHARGE WT. (gm) .125 AgN3/1.2243 PETN
CHARGE RADIUS (cm) .565

CHARGE CONFIGURATION .845 cm DOB (sphere)

TEST BED MATERIAL KAFB Alluvium
TEST BED DENSITY (gm/cc) 1.576
MOISTURE CONTENT 4.27%

TEST BED GEOMETRY homogeneous
CENTRIFUGE SPEED (rpm) 497
GROUND ZERO RADIUS (cm) 125
CENTRIFUGAL ACCELERATION (G's) 345
CRATER DIAMETER (cm) 12.16
CRATER RADIUS (cm) 6.08
MAX CRATER DEPTH ‘cm) 2.76
CRATER ASPECT RATIO (r/h) 2.20
CRATER VOLUME (cc) 116.04
LIP DIAMETER (cm) 15.00
LIP HEIGHT (cm) .37
LIP VOLUME (cc) 53.89

MEAN CRATER PROFILE

RANGE (cm) DEPTH (cm)

.762
.760
.643
.352
.970
. 449
. 086
.852
.615
.333
.033
-0.218
-0.369
-0.365
-0.244
-0.162
-0.112
-0.069

OO O —~—~=NNMNN
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Johnie Boy Simulation 2

Johnie Boy Simulation 1

CICS-1.265 (B-16)
.125 AgN3/1.2251 PETN
.565
.362 cm DOB (sphere)

KAFB Alluvium
1.570
4.1%

homogeneous

497
125
345

10.74
5.37
2.26
2.38

77.74

13.20

35.18

AVERAGE OF 8 RADIALS FOR EACH CRATER

DEPTH (cm)

.257
.252
.201
.891
.454
.982
.761
.554
.32
.017
-0.219
-0.322
-0.273
-0.171
-0.113
-0.074
-0.046
-0.023

OO OO—=—MNMNN
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Figure A9. Comparison of crater 18-X (above) with crater 18- Tow .




Figure A9. (Continued, crater 18-X).
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Figure A9. (Continued, crater 18-0),




. APPENDIX B
UDRI 1-G CONTROL SHOT RECORDS

This section is a compilation of various 1-G cratering data generated
by A. J. Piekutowski of UDRI. The data for the larger PETN shots in both the
Ottawa sand and the KAFB alluvium was generated in direct support of this
program through arrangements with R. W. Henny of AFWL. The data for the 1.7 gm
lead azide and the 0.4 gm PETN shots in Ottawa sand are from references 5 and 6.

The other data was transmitted as a personal communication from A. J.
Piekutowski .20
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Table B1. Ottawa sand 1G control shots, 1.7 grams lead azide.

SHOT NUMBER
DATE
PURPOSE

CHARGE DESCRIPTION
CHARGE WT. (gm)
CHARGE RADIUS (cm)
CHARGE CONFIGURATION

TEST BED MATERIAL
TEST BED DENSITY (gm/cc)
MOISTURE CONTENT
TEST BED GEOMETRY

CRATER DIAMETER (cm)
CRATER RADIUS (cm)

MAX. CRATER DEPTH (cm)
CRATER ASPECT RATIO (r/h)
CRATER VOLUME (cc)

LIP DIAMETER (cm)

LIP HEIGHT (cm%

LIP VOLUME (cm”)

MEAN CRATER PROFILE
RANGE (cm)

OCO~NOOHRWNN—O

—
[aS)
COCODOOODOLOODOOODDOLLLOOOOOO0O

AFWL-TR-72-155

Ottawa Flintshot

UDRI-9 UDRI-22
20 Jan. 72 9 Feb. 72
AFWL-TR-72-155

CILAS-13 (22) CILAS-13 (106)
1.6961 PbNg 1.7096 PbNg
.508 .508

half buried sphere half buried sphere

Ottawa Flintshot

1.802 1.802
nom. 0% nom. 0%
homogeneous homogeneous
20.4 20.2
10.2 10.1
2.29 2.35
4.45 4.30

436. 420.

260. 26.
.669 .763

321. 461.

AVERAGE OF 8 RADIALS FOR EACH CRATER

DEPTH (cm) DEPTH (cm)
1.963 1.950
1.988 2.069
2.181 2.306
2.288 2.350
2.263 2.300
2.131 2.106
1.894 1.825
1.513 1.413
1.094 0.975
0.550 0.463
0.094 0.038

-0.338 -0.406
-0.581 -0.650
-0.669 -0.763
-0.575 -0.675
-0.431 -0.531
-0.338 -0.431
-0.250 -0.319
-0.163 -0.244
-0.088 -0.18%
-0.069 -0.188
-0.050 -0.175
-0.025 -0.119
~-0.013 -0.106
0.000 -0.106
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Table B2. Ottawa sand 1G control shot, 0.4 gram PETN.

SHOT NUMBER UDRI-146
DATE 24 Aug. 73
PURPOSE AFVIL-TR-74-182
CHARGE DESCRIPTION C1cs-5 (103)
CHARGE WT. (gm) .125 AgN3/.36C9 PETN
CHARGE RADIUS (cm) .390
CHARGE CONFIGURATION half buried sphere
TEST BED MATERIAL Ottawa Flintshot
TEST BED DENSITY (gm/cc) 1.796
MOISTURE CONTENT nom. 0
TEST BED GEOMETRY homogeneous
CRATER DIAMETER (cm) 17.78
CRATER RADIUS (cm) 8.89
MAX. CRATER DEPTH (cm) 2.02
CRATER ASPECT RATIO (r/h) 4.40
CRATER VOLUME (cc) 284.
LIP DIAMETER (cm) 22.0
LIP HEIGHT (cm% .581
LIP VOLUME (cm?) 216.
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS
RANGE_(cm) DEPTH (cm)
0.0 1.513
1.0 1.800
2.0 1.969
3.0 2.019
4.0 1.906
5.0 1.669
6.0 1.319
7.0 0.888
8.0 0.406
9.0 -0.050
10.0 -0.394
11.0 -0.581
12.0 -0.544
13.0 -0.394
14.0 -0.231
15.0 -0.206
16.0 -0.119
17.0 -0.069
18.0 -0.050
19.0 -0.025
20.0 -0.019
21.0 -0.013
22.0 0.000
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. Table B2 (cont,) Ottawa sand 1G control shots, 0.4 gram PETN.
SHOT NUMBER UDRI-117 UDRI-120
DATE 11 June 73 15 June 73
PURPOSE AFWL-TR-74-182 AFWL-TR-74-182
CHARGE DESCRIPTION CICS-5 (14) CICS-5 (21)
CHARGE WT. (gm) .125 AgN3/.3602 PETN  .125 AgN3/.3602 PETN
CHARGE RADIUS (cm® .390 .390
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL Ottawa Flintshot Ottawa Flintshot
TEST BED DENSITY (gm/cc) 1.802 1.796
MOISTURE CONTENT nom. 0% nom. 0%
TEST BED GEOMETRY homogeneous homogeneous
CRATER DIAMETER (cm) 17.5 17.76
CRATER RADIUS (cm) 8.76 8.88
MAX. CRATER DEPTH (cm) 2.06 2.13
CRATER ASPECT RATIO (r/h) 4.25 4.17
CRATER VOLUME (cc) 274. 292.
LIP DIAMETER (cm) 22.0 22.0
LIP HEIGHT (cm% .569 .581
LIP VOLUME (cm?) 217.0 265.
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER -
H
RANGE {cm) DEPTH (cm) DEPTH (cm) ﬁ
0.0 1.813 1.925
1.0 1.938 1.994 :
2.0 2.056 2.125 !
3.0 2.038 2.069 g
4.0 1.863 1.950 :
5.0 1.625 1.706 ,
6.0 1.250 1.313 /
7.0 0.825 0.919 5
8.0 0.331 0.406 i
9.0 -0.106 -0.056 p
10.0 -0.431 -0.425 J
11.0 -0.569 -0.581
12.0 -0.513 -0.556 1
13.C -0.363 -0.431
14.0 -0.263 -0.288
15.0 -0.175 -0.200
16.0 -0.125 -0.156
17.0 -0.094 -0.119
18.0 -0.044 -0.081
19.0 -0.044 -0.069
20.0 -0.031 -0.031
21.0 -0.019 -0.031
22.0 0.000 -0.031
23.0 -- -0.031
24.0 -- -0.038
123 g
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Table B3. Ottawa sand 1G control shots, 1.265 grams PETN.

SHOT NUMBER UDRI-642
DATE 19 Oct. 77
PURPOSE 1G Control

CHARGE DESCRIPTION CICS-1.265 (B-5)
CHARGE WT. (gm) .125 AgN3/1.2245 PETN
CHARGE RADIUS (cm) .565

CHARGE CONFIGURATION half buried sphere

TEST BED MATERIAL Ottawa Flintshot

TEST BED DENSITY (gm/cc) 1.802
MOISTURE CONTENT nom. 0
TEST BED GEOMETRY homogeneous
CRATER DIAMETER (cm) 23.6
CRATER RADIUS (cm) 11.8
MAX. CRATER DEPTH (cm) 2.50
CRATER ASPECT RATIO (r/h) 4.72
CRATER VOLUME (cc) 640.
LIP DIAMETER (cm) 30.0
LIP HEIGHT (cm% .838
LIP VOLUME (cm3) 798.

MEAN CRATER PROFILE

RANGE (cm) DEPTH (cm
0.0 1.600
1.0 1.681
2.0 2.156
3.C 2.419
4.0 2.500
5.0 2.488
6.0 2.319
7.0 2.094
8.0 1,731
9.0 1.313

10.0 0.838
11.0 0.338
12.0 -0.106
13.0 -0.475
14.0 -0.719
15.0 -0.838
16.0 -0.763
17.0 -0.644
18.0 -0.531
19.0 -0.431
20.0 -0.363
21.0 -0.30¢
22.0 -0.263
23.0 -0.188
24.0 -0.156

125

UDRI-644
24 Oct. 77
1G Control

CICS-1.265 (B-4)

.125 AgN3/1.2326 PETN

.565
half buried sphere

Ottawa Flintshot
1.802
nom. 0%
homogeneous

24.0
12.0
2.66
4.51
706.
30.0
.863
814.

AVERAGE OF 8 RADIALS FOR EACH CRATER

DEPTH (cm)

.650
.894
.319
.569
.656
.613
.463
.206
.869
.481
.019
.488
.019
-0.388
-0.681
-0.863
-C.844
-0.719
-0.581
-0.481
-0.381
-0.300
-0.256
-0.219
-0.169
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Table B4,

Ottawa sand 1G control shots, 4.0 grams PETN.

SHOT NUMBER UDRI-643 UDRI-645

DATE 20 Oct. 77 25 Oct. 77
PURPOSE 1G Control 16 Control
CHARGE DESCRIPTION CICS-4 (BL-6) CICS-4 (BL-7)
CHARGE WT. (gm) .125 AgN3/3.9348 PETN .125 AgN3/3.9493 PETN
CHARGE RADIUS (cm) .826 .826

CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL Ottawa Flintshot Ottawa Flintshot
TEST BED DENSITY (gm/cc) 1.802 1.802
MOISTURE CONTENT nom. 0% nom. 07

TEST BED GEOMETRY homogeneous homogeneous
CRATER DIAMETETER (cm) 32.6 32.8

CRATER RADIUS (cm) 16.3 16.4

MAX. CRATER DEPTH (cm) 2.39 3.54
CRATER ASPECT RATIO (r/h) 4.81 4.63
CRATER VOLUME (cc) 1677. 1751.

LIP DIAMETER (cm) 42.0 42.0

LIP HEIGHT (cm% 1.13 1.17

LIP VOLUME (cm?) 1925. 2062.

MEAN CRATER PROFILE

RANGE_ (cm)

OOoONOT W —O

—
[a®]
OO0 O OO0 OO0 OOOOO

AVERAGE OF 8 RADIALS FOR EACH CRATER

DEPTH (cm) DEPTH (cm)
2.400 2.30C
2.338 2.388
2.638 2.869
2.931 3.194
3.156 3.406
3.331 3.513
3.388 3.538
3.256 3.488
3.244 3.294
3.031 3.069
2.750 2.794
2.394 2.475
2.019 2.125
1.556 1.656
1.081 1.163
0.600 0.638
0.119 0.163

-0.281 -0.256
-0.638 -0.625
-0.919 -0.925
-1.081 -1.106
-1.125 -1.169
-1.050 -1.119
-0.950 -1.000
-0.800 -0.856
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Table B5., KAFB alluvium 1G control shots, 1.7 grams lead azide.

SHOT NUMBER UDRI-646 UDRI-647
DATE 11 Nov. 77 14 Nov. 77
PURPOSE 1G Control 1G Control
CHARGE DESCRIPTION CILAS-13 (814) CILAS-13 (815)
CHARGE WT. (gm) 1.7004 PbN6 1.7099 PbNg
CHARGE RADIUS (cm) .508 .508
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL KAFB Alluvium KAFB Alluvium
TEST BED DENSITY (gm/cc) 1.622 1.581
MOISTURE CONTENT nom. 4.5% nom. 4.57
TEST BED GEOMETRY homogeneous homogeneous
CRATER DIAMETER (cm) 12.94 13.8
CRATER RADIUS (cm) 6.47 6.90
MAX. CRATER DEPTH (cm) 1.85 1.95
CRATER ASPECT RATIO (r/h) 3.50 3.54
CRATER VOLUME (cc) 58.7 72.4
LIP DIAMETER (cm) 23.0 20.0
LIP HEIGHT (cm& .163 131
LIP VOLUME (cm?) 104. 61.7
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)
0.0 1.850 1.950
1.0 1.588 1.713
2.0 0.744 0.988
3.0 0.619 0.806
4.0 0.613 0.631
5.0 0.269 0.36¢
6.0 0.006 0.081
7.0 -0.044 0.006
8.0 -0.031 -0.031
9.0 -0.088 -0.125
10.0 -0.156 -0.131
11.0 -0.163 -0.119
12.0 -0.163 -0.088
13.0 -0.119 -0.075
14.0 -0.113 -0.063
15.0 -0.081 -C.005
16.0 -0.056 -0.03
17.0 -0.056 -0.025
18.0 -0.044 -0.025
19.0 -0.038 -0.019
20.0 -0.031 -0.013
21.0 -0.019 0.000
22.0 -0.019 0.000
23.C -0.019 --
24.0 -0.006 --




Table B5 (cont.) KAFB alluvium 1G control shot, 1.7 grams lead azide.

SHOT NUMBER
DATE
PURPQSE

CHARGE DESCRIPTION
CHARGE WT. (gm)
CHARGE RADIUS (cm)
CHARGE CONFIGURATION

TEST BED MATERIAL
TEST BED DENSITY (gm/cc)
MOISTURE CONTENT
TEST BED GEOMETRY

CRATER DIAMETER (cm)
CRATER RADIUS (cm)

MAX. CRATER DEPTH (cm)
CRATER ASPECT RATIO (r/h)
CRATER VOLUME (cc)

LIP DIAMETER (cm)

LIP HEIGHT (cm

LIP VOLUME (cmd)

MEAN CRATER PROFILE

RANGE (cm)

WO BWLWNN—~O

—
- 3 o
OO0 D

UDRI-648
18 Nov. 77
1G Controtl

CILAS-13 (816)
1.7004 PbNg
.508
half buried sphere

KAFB Alluvium
1.600
nom. 4.5%
homogeneous

11.68
5.84
1.75
3.34

45.0

20.0

.144

71.8

AVERAGE OF 8 RADIALS

DEPTH (cm)

1.750
1.450
0.713
0.581
0.425
0.113
-0.075
-0.006
-0.044
-0.081
-0.144
-0.144
-0.119
-0.113
-0.113
-0.075
-0.038
-0.025
-0.013

0.000

0.000
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Table B6. KAFB alluvium 1G control shots, 1.265 grams PETN.

SHOT NUMBER UDRI-649 UDRI-652
DATE 22 Nov. 77 9 Dec. 77
PURPQSE 1G Control 1G Control
CHARGE DESCRIPTION CICS-1.265 (B-6) CICS-1.265 (B-7)
CHARGE WT. (gm) .125 AgN3/1.2241 PETN .125 AgN3/1.2259 PETN
CHARGE RADIUS (cm) .565 .565
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL KAFB Alluvium KAFB Alluvium
TEST BED DENSITY (gm/cc) 1.571 1.587
MOISTURE CONTENT nom. 4.5% nom. 4.5%
TEST BED GEOMETRY homogeneous homogeneous
CRATER DIAMETER (cm) 13.7 12.88
CRATER RADIUS (cm) 6.88 6.44
MAX. CRATER DEPTH (cm) 2.40 2.00
CRATER ASPECT RATIO (r/h) 2.87 3.22
CRATER VOLUME (cc) 103. 66.6
LIP DIAMETER (cm) 16.0 14.0
LIP HEIGHT (cmg 131 .075
LIP VOLUME (cm?) 65.8 60.8
MEAN CRATER PROFILE AVERAGE OF 8 RADIALS FOR EACH CRATER
RANGE (cm) DEPTH (cm) DEPTH (cm)
0.0 2.400 2.000
1.0 2.244 1.738
2.0 1.513 0.844
3.0 0.956 0.688
4.0 0.838 0.606
5.0 0.613 0.369
6.0 0.250 0.081
7.0 -0.044 -0.075
8.0 -0.131 ~0.050
9.0 -0.038 -0.013
10.0 ¢. 000 0.013
11.0 -0.069 0.019
12.0 -0.113 0.006
13.0 -(.056 0.000
14.0 -0.050 -0.025
15.0 -0.069 -0.050
16.0 -0.019 -0.044
17.0 -0.019 -0.031
18.0 -0.038 -0.056
19.0 -0.025 -0.056
20.0 -0.025 -0.044
21.0 -0.025 -0.056
22.0 -0.019 -0.025
23.0 -0.013 -0.025
24.0 -C.019 -0.025
132




B Tt

e e T

DEPTH (cm)

oy

—— —— wreye—" o -
-2,
-1

0 T ———

UDRI 652

UDRT 849
B s T e T T S : B 10

RADIAL POSITION (cm)

Figure B6. Comparison of crater 649 with crater 652.

133




Table B7., KAFB aliuvium 1G control shots, 4 grams PETN
SHOT NUMBER UDRI-650 UDRI-651
DATE 30 Nov. 77 5 Dec. 77
PURPOSE 1G Control 1G Control
CHARGE DESCRIPTION CICS-4 (BL-8) CICS-4 (BL-9)
CHARGE WT. (gm) .125 AgN3/3.9509 PETN .125 AgN3/3.9620 PETN
CHARGE RADIUS (cm) .826 .826
CHARGE CONFIGURATION half buried sphere half buried sphere
TEST BED MATERIAL KAFB Alluvium KAFB Alluvium
TEST BED DENSITY (gm/cc) 1.555 1.584
MOISTURE CONTENT nom. 4% nom. 47
TEST BED GEOMETRY homogeneous homogeneous
CRATER DIAMETER (cm) 16.56 17.0
CRATER RADIUS (cm) 8.28 8.52
MAX. CRATER DEPTH (cm) 2.86 2.80
CRATER ASPECT RATIO (r/h) 2.90 3.04
CRATER VOLUME (cc) 196. 175.
LIP DIAMETER (cm) 20.0 20.0
LIP HEIGHT (cm; .30 .294
LIP VOLUME (cm?) 354. 403.

MEAN CRATER PROFILE
RANGE (cm

OoOoO~~NOTOT P WMN—O

—r
(%)
QOO0 OO0 OOQLOLOODOOOOOOOOO

AVERAGE OF 8 RADIALS FOR EACH CRATER

DEPTH (cm) DEPTH (cm)
2.850 2.800
2.863 2.663
2.425 2.156
1.719 1.400
1.213 1.038
1.038 0.844
0.763 0.650
0.388 0.413
0.075 0.156

-0.200 -0.131
-0.300 -0.294
-0.250 -0.288
-0.163 -0.219
-0.119 -0.125
-0.094 -0.100
-0.056 -0.100
-0.094 -0.100
-0.100 -0.119
-0.088 -0.125
-0.081 -0.106
-0.113 -0.088
-0.075 -0.075
-0.075 -0.075
-0.081 -0.094
-0.063 -0.075
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REPORT OF
LABORATORY TESTS
PERFORMED ON
SOIL MATERIALS

1. FURNPOSE AND SCOPE

This report presents the results of a series of unconsolidated-undrained (UU),
triuxial compres<ion tests performed on each of six soil materials provided by Boeing {
Acrospace Company. Three UU tests were performed on each material type to
determine the shear strength parameters of the material. The samples were designated
as follows: KAFB Alluvium #2, Banding Sand, Sawing Sand, KAFB Alluvium #4, Molding
Clay and Flintshot Sand.

II. TEST PROCEDURES

Three test specimens were prepared from each of the six material types. Test
specimens of the five sand and alluvium material types were prepared by compacting
the material to a density specificd by Boeing(see Table C1 for a summary of specified
densities). Compaction to the specified density was achieved by vibrating a known
weight of matcrial into a cylindrical mold of known volume. The mold was lined with a
thin rubber membrane that remained in place around the compacted test specimen
throughout the test in order to protect the material from the water used as a confining
m+dium during the test. Test specinens from the "modeling clay” material type were
prepared by trimming the bulk sample into three cylindrical specimens and then
encasing each specimen in a thin rubber membrane to protect them from the confining

medium,

After each test specimen was prepared, it was mounted in a triaxial test
chamber and subjected to a specified triaxial comfining pressure, then it was
immediately sheared under strain-controlled conditions, while maintaining a constant
confining pressure and without allowing drainage. For each material type, triaxial
confining pressures of 100, 200 and 400 psi were used on the {irst, second and third test
specimens, respectively, as specified. Water was used as the confining medium for all

tests.
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Simultancous readings of load and deformation were obtained at regular time
intervals throughont the shearing period. Deviator stress and axial strain values were

then camputed from these readings.

. TPST RESILIS

A.  Presoptation

The results of each of the six series of UU tests are presented in Figures
(1 thru C6. Included in each figure are plots of deviator stresses versus axial strains,
Mohr circles, pertinent specimen dimensions and test parameters for each of the three
tests in the series. In addition, sketches of each specimen's failure mode, failure

criteria, and sample classification are included.

B. Interpretation

The results of these triaxial compression tests may be used to estimate the
parameters of cohesion, ¢, and angle of internal friction, ¢ , in the Mohr-Conlomb
equation for shear strength under unconsolidated, undrained conditions. This equation
relates shear strength to triaxial confining pressure by:

"= c+Ntang

where: T shear strength

and N

principal stress

The parameters, ¢ and 4, are obtained from the line, drawn tangent to the three
Mohr circles of a test series, which represents the Mohr-Conlomb equation. The Mohr
circles are drawn with centers at Oy + (01 '03) on the principal stress axis and with
radius (01 - 03) ; where 03 is the triaxial c%nfining pressure and (ol - 03) is the deviator
stress. T?\e values of deviator stress used to construct the Mohr circles are obtained
from the plots of deviator stress versus axial strain based on the failure criteria used

for the test series.
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TABLE C1
SUMMARY OF
MATERIALS AND
TEST SPECIFICATIONS
SPECIFIED
SPECIFIED DENSITY CONFINING

3 PRESSURE LABORATORY 1
SAMPLE gms/ce 1bs/ft psi TEST NUMBER i
Modeling Clay - - 100 UU-501
Modeling Clay - - 200 UU-502
Modeling Clay - - 400 UU-503 :
Sawing Sand 1.78 110.1 100 UU-301
Sawing Sand 1.78 110.1 200 UuU-302
Sawing Sand 1.78 110.1 400 UU-303 .
Flintshot Sand 1.78 110.1 100 UU-601 i
Flintshot Sand 1.78 110.1 200 UU-602 ‘
Flintshot Sand 1.78 110.1 400 UU-603
Banding Sand 1.68 104.8 100 UU-201
Banding Sand 1.68 104.8 200 UuU-202
Banding Sand 1.68 104.8 400 UU-203
KAFB Alluvium #2 1.61 100.5 100 Uu-101
KAFB Aluvium #2 1.61 100.5 200 UU-102
KAFB Alluvium #2 1.61 100.5 400 UU-103
KAFB Alluvium #4 1.61 100.5 100 UuU-401
KAFB Alluvium #4 1.61 100.5 200 UU-402
KAFB Alluvium #4 1.61 100.5 400 UU-403 ‘
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APPENDIX D
STEREO-CAMERA DYNAMIC PHOTOGRAMMETRY

-

Analytical photogrammetry can be applied to obtain spatial measurements i
of explosive crater formation at the time of formation while under large !
centripetal acceleration in an operating centrifuge. Close-range photogrammetry i
techniques have been developed for small craters in granular soils using ?;
nonmetric cameras. The surface area and the volume of a calibrated object space y
control frame photographed under static 1-G conditicns have beer determined. In ‘
addition, a contour map was prepared for a typical crater also photographed 1 4
under static conditions. These show a high degree of accuracy. In preparation
for dynamic tests, cameras have been made to operate under the high centripetal ‘L
accelerations of the rotor hub during centrifuge operation. t remains to be ‘a
shown what accuracy degradation, if any, results from these centrifugal loads :
acting on the camera system. k

DESIGN CRITERIA

The conventional profilometer method of post-test measurement can be
employed only for stable craters. For fluid craters the topological mapping

|
must be obtained dynamically under high centripetal accelerations. It was the ;
purpose of this study to develop a relatively rapid and accurate method for |
obtaining such data through the application of photogrammetric techniques. ‘
Due to the fact that clearance volume within the arm of the centrifuge
is limited to a length of available 140 cm with a 38-cm width and & 15-cm depth,
the maximum distance between the camera film plane and the specimen is 100 to
140 cm depending upon the size of the test sample. The maximum base of the
camera station is 25 cm and the height of the cameras can not exceed 1% cm.
Since the photographs are to be taken of specimens undergoing centripetal I
accelerations up to 600 G, the vibration of the camera system must also be taken
into consideration in order to obtain quality images. §

PHOTOGRAMMETRIC SYSTEMS

Since there are no terrestrial cameras with fixed base that meet these

criteria, two motor-driven Nikon F2 35-mm cameras were considered in conjunction
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with analytical concepts. A control frame was built around the specimen to
provide an image on the photographs which can be measured, allowing the canere
positions and orientation relative to the frame to be computed. This allows
calibration for measuring three dimensional coordinates of the crater.

The two cameras, each having a focal Tength of 55 mm, are mounted or a
fixed camera base of 21 cm within the arm of the centrifuge as shown in Figures
D1 and D2. The fixed control frame with 20 reference points at five different
levels machined into the soil-specimen container is shown in Figure D3. The
target diameter of the object-space control points was selected using eqg. DI1.

_ Dm (D)
=%
where
T = target diameter on control frame
D = distance between camera and specimen
f = focal length
i

= diameter of micrometer measuring-dot on comparator

In order to fit the various measuring instruments, two different terget
diameters, 0.05 cm and 0.10 cm, were drilled into alternating levels of the
control frame which preduce film image sizes of approximately 25 u and 50 .
respectively.

The on-board location of the cameras was chosen to avoid the complex
optical geometry which would have been necessary with a stationary mount. In
addition, the large tangential velocity of the rotor tip would have required a
strobe light with a sub-microsecond duration.

The cameras were mounted as close to the rotor axis as the six-inch-
diameter hub would allow. The actual location of the cameras produced an
average acceleration in excess of 60 G on each camera at the maximum centrifuge
speed of 620 rpm. Tests were performed photographing high contrast resolution
charts mounted on the rotor tip. The cameras performed satisfactorily with no
appreciable loss of resolution up to maximum centrifuge speed. The shutter
mechanism worked properly on both cameras throughout the entire speed range,
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Figqure DL, The centrifuge rotor showing the two camera ir velotion

to o ronnted carple in the rect podtion,
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The cameras were operated in the semiautomatic mode using the motors to
advance the film. At 600 rpm the motor-drive mechanism of the right-hand camera
started to advance the film somewhat erratically. The location at a radius of
approximately 19 cm corresponds to 77 G. This can be remedied by mounting the
right-hand camera upside down bringing the wind mechanism more inboard. The
camera motors were powered through the centrifuge slip rings using a standard
laboratory 16-Vdc supply.

In the automatic mode at 5 frames per second, the shutter speed (set at
1/500 of a second) went out of calibration at approximately 300 rpm corres-
ponding to 15 to 20 G acting on the cameras. No further centrifuge tests were
performed. A slower shutter speed with an electronic flash may provide
satisfactory operation at higher rpm in the automatic framing mode. In general,
the operation of the cameras exceeded expectations and it is felt that they will
provide satisfactory photographs for the intended dynamic photogrammetry
application. Fiqure D4 shows typical dynamic photos.

METHODOLOGY

Analytical photogrammetry is not a new concept, having been thoroughly
developed by mathematicians prior te the 1930's. However, the Tlaborious
computations inspired development of analogical instruments which make a simple
graphic solution. The speed with which present day computers perform computa-
tions has revitalized the mathematical analytical methods which permit
correction of systematic errors not correctable with the mechanicel analogical

system.(D1)

Analytical photogrammetry uses data measured stereoscopically using a
comparator in a coordinate system with the origin at the principal point based
on camera fiducial marks. These data are transformed to photo coordirnates using

a linear transformation to change the scale and rotation.(D?)
X = apy R + a5 H + Xo (n2.1)
y=a H-ap, R4y, (n2.2)
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Figure D4.

Stereo-photographs of craters under the acceleration
of 10G (above) and 100G (below).
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The transformed coordinates of a point P in the photo coordinates system are x
and y. R and H are the coordinates of point P expressed in the comparator
system, ap, and ay, are unknown coefficients of the transformation, and x, and
y, are the unknown translation terms in x and y.

Since the Nikon camera is not equipped with fiducial marks, comparator
coordinates of the four corner points were measured and used 1& eq. D2, with a
least-squares method, to determine the transformation coefficients. These were
then used on all the points in each photo for transforming to the phote
coordinates system. The camera station for each photo was then determined using

the coordinates of the object-space control points and their corresponding photo

coordinates, using collinearity equations(Ds’Da) as follows:
L JECEQmy NN myp (2 - 20) My ] ] (03.1)
(B - Ep) Mgy + (N = W) mgp + (7= 7)) Moy
- 7
y - (E - EO) My + (N - NO) Moy + (z - ZO) Mg ) (03.2)
[ (E - B} myy + (N - N)mgy + (2 - 7)) My |

where x and y are the photo coordinates of the control point whose ground
coordinates are E, N, and Z. Eo' NO, ZO are the coordinates of the camera
station, f is the focal length of the camera, mij are elements of the rotational
orthogonal matrix consisting of direction cosines or of the exterior orientation
elements (4, w, «) of the presently unknown camera station. The above equations
can be written in the form of the collinearity condition using determinant

notation

X f
=0=F, {(na.1)

M]E* M3E*

X f
=0=Fy (na.?)

M2E* M3E*
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where
Mio=mips myp, Mg
E - EO
E* = N - NO
l -1
0
L J
and

m]*l = CO0S ¢ CcOS «x
m = €O sin
12 S ¢ x
my3 = sin ¢
Moy = -s7n w SiN ¢ COS ¥k - C€OS w Sin «x
Moy = -sin w sin ¢ sSsinxk + COS w COS «
m = i
23 COS ¢ SInw
Myy = -COS w sin ¢ €OS k + SiN w COS «x
My = COS sin ¢ sin « - sin w coS «
Myg = COS w COS ¢

Since the number of control points exceeds the number of unknowns, a

least-squares adjustmert is used. The observation equetions are:

Vo= F +dF, (P5.1)

V. =F_+ df D67
y y y ( )

where F's are composed of initially estimated values and

aF, af, af, b, aF, . (06)
de= gEngo‘*?N—odNo*—a—Z;dzo +—5;—d(A)*—é®—d¢+'a—.(—(1x

The operator d denotes corrections to the initial approximations, and the V's
are residuals of the photographic measurement. [q. D6 is substituted into eq.

STy




D5, which, after linearization using a Taylor expansion neglecting all second
and higher order terms, becomes

V. = b]dEo + b2dNO + b3df + b4dw + b5d¢ + b6dx + 1x (D7)
where
Ix = FX - X
and
b, - -f i MjE* M E*
(M4E*) B (M,E%) 3(M,E%)
T Y
. -f M, E* M, E*
2 mgEn? | amgEr)  a(En)
3No aNo
-f M_E* M. E*
3 mgEn? [ amEn e
T T
-f M4E* ML E*
by = ———
MEn? | amEn) e
qw 3w
- o 4
L ME* M
5 mEn? | amgE) 3 (M, £%)
LX) LL)
-f ME* M E*
b = — 2
(MgE*) " | 3(MgE%) 3(M,E%)
— —
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A similar equation is formed for the dFy. FEquations D5 are solved for the !;
differential corrections, which are then added to the approximations to update
them. The iteration is continued until the corrections become negligibly small.

The positions of the cameras, as well as the orientation elements, are f
determined through these resections. The location of the points observed on the
crater are determined by <pace intersections. The same mathematical concept is
then repeated with the only difference being the coordinates of camera stations
(Eg» Ng» Z,)

now known as E, N, and Z space coordinates. More detailed working l
equations can be found in References D1 through D4, The generalized flow chart L

for the above comjputations is shown in Figure D5.
CONTROL FRAME CALIBRATION RESULTS r

Four ground control points were used for the determination of the
camera stations and the orientation elements. The other 16 ground control points
were used as check points for evaluation of the accuracy. The results of
analysis of photographs taken under static 1-G conditions of the check points
are shown in Table D1. As can be seen from this table, the coordinates of the
check points, from the photogrammetric method, when compared to the results of
the actual measurements differ by only 0.02 cm and 0.04 cm in the two horizontal

directions and 0.14 cm in the vertical direction.

The surface area and volume of the control frame (as well as of the
crater) can be obtained by using the E, N and 7 coordinates, which are
determined by the space intersection. The total surface area may be computed

from the following equation:(D]’DS)
i=n
1 2: 2 ’
.= - . . 4 . - N. 4 B

77 i= V([1».1+71..]) Ny - Ny (re)
where Fi Sy Ni i and 7i : are the coordinates of points in the | <ector,

The total volume may be expresced by the fallowina double
integral(DS'Dﬁ)
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Table D1. The results of distance determination between check
points on the control frame.
No. E (x) N (y) Z
cm cm cm

Given  Comp. Diff. Given Comp Diff. Given Comp. Diff.
11 100.00 99.98 +0.02 127.33 127.27 +0.06 104.00  103.82 +0.18
12 100.00 100.00 0.00 126.33 126.23 +40.10 103.00  102.76  +0.24
13 100.00 100.00 0.00 125.33  125.26  +0.07 102.00  101.77  +0.22
14 100.00 100.00 0.00 124.33 124.28 +0.05 101.00 100.87  +0.13
*15 100.00 100.00 0.00 123.33  123.31  +0.02 100.00 99,022  +0.0¢
21 127.33 127.27 +0.06 100.00 100.00 0.00 104.00 104.04 -0.04
22 126.33 126.31 +0.06 100.00 100.01 -0.01 103.00 103.12 -0.12
23 125.33 125.32 +0.02 100.00 100.01 -0.01 102.00 102.10  -0.10
24 124,33 124.34 -0.01 100.00 100,12  -0.02 101.00 10116 -0.16
*25 123.33 123.36 -0.03 100.00  100.00 0.00 100.00 100,07 -0.07
31 100.00 100.00 0.00 72.67 72.77  -0.710 104.00 103.84  +0.16
32 100.00 100.01 -0.01 73.67 73.71  -0.04 103.00 102.76  +0.24
34 100.00 100.00 0.00 75.67 75.71  -0.04 101.00  100.86  +0.14
*35 100.00 100.00 0.00 76.67 76.69  -0.02 100.00 99.92  +0.07
41 72.67 72.73 -0.06 100.00 100,02 -0.02 104.00  103.91  +0.09
42 72.6/ 72.73 -0.03 100.00 100.02 -0.02 103.00  102.99  +0.09
43 74.67 74.67 0.00 100.00  100.01 -0.01 102.00 102,03 -0.02
44  75.67 75.65 +0.02 100.00  100.01  -0.01 101.00 101,10 -0.10
*5  76.67 76.65 +0.02 100.00 100,00 0.00 100.00 100,08 -0.08
Standard error +0.02 0.04 n.14

*Used as control points for resection.
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i=m
fsff (E,N) dEdN = ZfSi pi (E,N) dEdN (n9)

i=]

where the function pi(E,N) is a polynomial of fixed degree N, i.e., Z = f (E,N).
With this approach, the surface area and the volume of the control frame were
determined to have values as shown in Table D2. It was found from this
experiment that a 0.23% error in surface area was obtained and a 0.62% error was
observed in the volume.

Table D2. Results of the surface area and volume
determination for the control frame.

Sector Surface Volume

sz cm3

Given  Comp. Diff. Diff%  Given Comp. Diff. Diffe.

1 1089 1088 1 0.09 1089 1074.4 14.6 1.2
1387 1382 5 0.36 1387 1379 8.4 (.56
1495 1499 4 0.3 1495 1495 0.0 0.0

Mean 0.23% 0.62%

CRATER RESULTS

Using the control frame calibration of the photogrammetry system, a
contour map was prepared for a typical crater photographed statically. This is
shown in Fig. D6. Depths on this mep compare favorably with those of the
average crater contour shown in Figure D7, which was determined usirq eight
radial profilometer measurements. The stereophoto pair is also shown in Fiqure
D7.
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Figure D6. Topographic map for a typical crater.
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CONCLUSTONS

Analytical photogrammetry has a great potential for the precise nea-
surements of explosively formed craters under centripetal acceleration. The
present experiment gives an upper limit on accuracy based on a stetic calibra-
tion. The surface and the volume of the control frame were cbtained by photo-
grammetry with accuracies of 0.03 c¢m in the horizontal direction, 0.14 cm in
the vertical direction, 0.23% in surface area and 0.62% in volume.

These results were obtained from the photographs taken with a
nonmetric camera producing no fiducial marks on the photo and without
correcting for lens distortion. It is expected that these results could be
considerably improved with the installation of fiducial marks on the present
cameras. A calibration procedure should be used to determine the true focal
length of the camera and to correct for lens distortion as well as film
distortion under high gravity forces.

The stability of the system under gravity and with continued use has
not been conclusively tested. However, from all indications it would appear
that variations in centripetal accelerations would have only a small effect if
exposure as well as processing is done under controlled circumstances. The
residuals in the analysis of the check control points suggest that an error
existed in the prior measurements of the control frame used as the given
reference dimensions or the establishment of the control frame mey contain sore

systematic errors, both of which can be corrected.
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